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Abstract 
The work presented in this thesis is divided into two parts. The first part is the sorption 
of Ni and Eu to granitic materials, and cation exchange capacity measurements for 
powdered and intact samples. The second part is method development on 
autoradiography. 
In the first part, static batch sorption experiments were carried out to study the relative 
sorption properties of different granitic rocks and minerals. Experimental data were 
described using non-electrostatic correction models such as the Langmuir, Freundlich 
and Linear models. Sorption data obtained for sorption in a constant pH environment 
and variable metal concentration were used to test the Component Additive Model 
(CAM). Sorption test studies carried out using energy dispersive X-ray microanalysis 
were used to map the sorption of Eu on an intact sample. 
The results showed the CAM was applicable for Ni sorption to BG but that it was not 
applicable for Eu sorption to any of the granitic rocks studied. The sorption data fitted 
the CAM in the following order; BG (1) > GA (0.7) > RG (0.5) > GG (0.2), GrG (0.2) 
for Ni sorption and RG (0.7) > BG (0.4) > GA (0.2), GG (0.2), GrG (0.2) for Eu 
sorption to the different granitic rocks. Values in brackets represent the ratio of Rd-
predicted/Rd-calculated. Results from the application of the CAM showed it was not possible 
to predict the Rd of the bulk sample from the component minerals. Desorption studies at 
constant pH were analysed by calculating the hysteresis H. The results showed that the 
higher the Rd the higher the hysteresis. Surface complexation using JChess 
Geochemical Code was used to obtain surface complexation parameters for the metal-
solid complex for sorption in variable pH and constant metal concentration.  
Experimental data were described by the mass action law to obtained proton 
stoichiometry at which the sorption edge is defined. Results showed the presence of 
NaCl decreased the sorption of Ni, and increased the sorption of Eu.  
Sorption kinetics experiments in different carbonate complexing environments were 
carried out to study the effect of carbonate on Eu sorption capacity and rate of sorption. 
Data were fitted to first and second order kinetic models to investigate the sorption 
rates. Results showed the sorption to be fast initially before reaching a steady state after 
more than 200 hours of equilibration. Kinetic data confirmed the low sorption capacity 
observed for quartz. Data obtained for sorption in a mixed radionuclide system were 
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modelled using the Linear model and the surface complexation model. The surface 
complexation constants are correlated to the Rd values obtained from the linear sorption 
isotherms. Modelling the results using Rdmix and Rdsing showed that sorption was 
suppressed in a mixed system, with no effect observed for sorption to feldspar in single 
and mixed systems. 
Cation exchange capacity (CEC) measurements were undertaken to deduce a correlation 
between the CEC of powdered rock samples and intact sample using rock beakers 
developed from the British Geological Survey by applying the Bascomb method in 
which the pH was buffered to pH 8.1. Normalising the results using the surface area 
showed that the CEC of the rock beakers was 6 orders of magnitude greater than that of 
the powdered sample.  
In the second part, a method for differentiating two or more radionuclides using storage 
phosphor imaging plates coupled with the Storm Scanner system was tested. Initial 
results showed that it is possible to differentiate one radionuclide from another in a 
mixed system using different levels of shielding. 
Key words: CAM modelling, hysteresis, sorption kinetics, autoradiography, 
competitive sorption, exchange capacity 
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Chapter 1 
 
Introduction and literature review 
 
1 .1 Background 
 
The basic objective of radioactive waste management is to prevent unacceptable 
radiological risk for people today, and for future generations. Risk is defined here as the 
probability of fatal cancer for an individual, or of a serious deleterious/hereditary effect 
for his/her descendants. As toxic elements can be associated with radioactive nuclides 
during conditioning processes or decay, a chemical risk assessment must be considered. 
This can be appreciated most by considering the concentrations of the elements in water 
or soils with regards to limiting concentrations (1). 
 
As part of its mandate, the International Atomic Energy Agency is required to develop 
internationally endorsed safety standards for nuclear and radioactive waste safety. With 
respect to the latter, a set of fundamental principles has been developed and agreed upon 
at the international level for the overall management of radioactive waste. These 
principles have been the subject of technical and inter-governmental debate and form 
the basis for the suite of international standards and for the Joint International 
Convention on the Safety of Spent Fuel Management and the Safety of Radioactive 
Waste Management. Thus, nine principles have been adopted which include; protection 
of human health, protection of the environment, protection beyond national borders, 
protection of future generations, prevention of any undue burden on the future 
generations’ provision of appropriate legal frame work, safety of waste management 
facilities, minimisation of any waste generated and consideration of interdependencies 
between different stages of waste management (2). 
 
The disposal of radioactive waste in deep geologic repositories is expected to lead to the 
release of some radionuclides into the groundwater environment. Geologic matrices 
surrounding a waste repository are expected to act as natural barriers to both water flow 
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and radionuclide migration since many radionuclides are retained on rocks and minerals 
(3). 
 
Most preferred options for the deep underground disposal of high level radioactive 
wastes rely on several independent barriers (known in the UK as the Multi-Barrier 
Concept) such as resistant canister materials, waste forms of low solubility in 
groundwater and the use of backfill material of low permeability with radionuclide-
retaining capacity. These barriers would retard the eventual release of radionuclides 
from the repository into the groundwater/bed rock system by sorption processes and by 
preventing their mobility. The final and the only non-engineered barriers would be the 
host rock itself and the geosphere (the rest of the solid portion of the earth). It would be 
desirable geosphere alone would be able to retain the long-lived radionuclides coming 
from the waste for long enough times to allow decay to harmless activity levels before 
they might reach the biosphere (4). 
 
The current design concept for intermediate and some low-level radioactive waste 
disposal in the UK involves emplacement in a cementitious repository deep 
underground. The majority of high-level nuclear waste disposal schemes currently 
under development are designed around a multi-barrier concept, which includes the 
radioactive waste itself, the waste container, the tunnel backfill and seals, and an 
engineered buffer material around the waste canister (5). 
 
The fate and transport of dissolved contaminants are largely determined by the degree 
of contaminant interactions with mineral surfaces. Radionuclides, such as the actinides 
with high sorption affinity for the mineral phases present in the geologic medium, are 
retarded compared with groundwater flow
 
(6). Thus, understanding the mechanisms that 
affect migration of radionuclides from a waste repository is of fundamental importance 
in the risk assessment of a site (7). Any radionuclides released from an underground 
repository are transported mainly by the groundwater flow in fractures. The migration 
of dissolved radionuclides is retarded both by interaction with the fracture surfaces and 
fracture filling materials and diffusion into the fissures of the rock (8). 
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Many governments and administrations are directly involved in the policies regulating 
the disposal of nuclear waste. There is great concern as to the effects of radionuclides in 
the environment. Thus, the importance of a risk assessment before nuclear waste is 
deposited in repositories is evident. There have been tremendous efforts and many 
studies to understand the long term migration of radionuclides and the effects these 
radionuclides can have (references 1-15). Scientific work has centred on trying to 
understand the mechanisms by which radionuclides in groundwater could be retarded in 
movement out of their immediate source of release into the environment.  
 
Much of the research carried out so far deals mainly with sorption in batch and column 
experiments as a retardation process (7) (9), (10) and (11). However, sorption is not the 
sole retarding process in geologic media. Diffusion and bulk sorption into the rock 
matrix constitute another form of retardation mechanism. Owing to the complicated 
nature of interactions of radionuclides and the geologic barrier, several approaches to 
measuring radionuclide retardation have been developed in the form of transport 
models, employing the concept of the distribution coefficient or retardation factor, in 
which a retardation factor is used to apply the distribution ratio to nuclide transport, (8) 
(12). 
 
1.2 Aims and objectives 
 
The aim of this work was to study some sorption properties of granitic rocks and 
minerals. The objective was to investigate radionuclide immobilisation in the far-field 
of a radioactive waste repository, using primarily batch sorption techniques. In this 
context, attention was paid to granitic rock as a potential repository host rock. The work 
was separated into a number of separate but related studies, namely: 
 Constant pH sorption-desorption studies of Ni and Eu to different granitic rocks 
and minerals (application of non electrostatic correction models). Interest was 
focused on the summation of the inherent properties of the component minerals 
such as Rd (for non electrostatic correction models) and how these individual 
properties might sum for an intact granitic rock sample in what is referred to as 
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the component additive model (13). Ni and Eu were chosen as analogues for di 
and trivalent cations, and also due to the low beta and gamma energies for 
63
Ni 
and 
152
Eu respectively. 
 The effect of pH on the sorption of Ni and Eu to different granitic rocks and 
minerals (including the effect of ionic strength and the application of surface 
complexation models). 
 Kinetic studies on the sorption of Ni and Eu to different granitic rocks and 
minerals in varying carbonate environments. 
 Multi-element sorption between di- and trivalent elements (application of 
empirical and surface complexation models) 
 Method development: differentiation of mixed radionuclides in geological 
materials by Digital Autoradiography. 
 Method development: Relating cation exchange capacity of intact samples and 
powdered samples of the same solid.  
The work is divided into four parts as follows: 
1. Introduction and literature review. 
2. Results and discussion for sorption experiments. 
3. Results and discussion for method development studies. 
4. Conclusions and further work. 
 
1.3 Radioactive waste 
 
With the use of radionuclides in hospitals, research, nuclear power production, etc., we 
are inevitably left with the issue of radioactive waste management. This is a significant 
challenge for humans as the half lives of the isotopes can be in the range of seconds to 
billions of years. Radioactive waste is defined here as waste containing radionuclides 
that do not have a practical purpose. Other industries not directly connected to the 
nuclear industry can produce large volumes of radioactive waste. For instance over the 
past 20 years, it is estimated that just the oil producing endeavours of the US have 
accumulated 8 million tonnes of radioactive waste (14). Large quantities of radioactive 
waste exist now in the UK and it is unavoidable that much more will be generated not 
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least in the decommissioning of existing nuclear power stations and other nuclear 
facilities. 
 
1.3.1 Classification of radioactive waste in the UK 
 
1.3.1.1 Low level waste (LLW) 
 
Low level waste constitutes over 90 % of the total volume of disposable waste. It is 
defined as waste of high volume and low specific activity and typically consists of 
paper, tissues, protective clothing, packaging materials and soils. There may also be a 
percentage of heavier waste, for example, construction material such as timber and 
bricks from decommissioning of nuclear facilities and old industrial sites, which have 
either low radioactive content or contain isotopes with short half lives (15). Relevant 
aspects include; 
 Danger/Safety: LLW requires containment to protect the operator but (under 
current guidance) does not normally require radiation shielding. 
 Disposal/Storage: Since 1959, most of the UK solid LLW has been disposed of 
at the site operated by BNFL at Drigg, south of Sellafield in Cumbria, or at 
Dounreay in the north of Scotland. 
 Definition: LLW is defined as waste with a radioactive content that does not 
exceed 4 GBq per tonne of alpha activity or 12 GBq per tonne of beta/gamma 
activity. Adapted from (16). 
 
 
1.3.1.2 Intermediate level waste (ILW) 
 
Intermediate level waste is defined as waste with intermediate activity and non heat 
producing. It contains significant quantities of long-lived radionuclides. It typically 
consists of decommissioning waste such as contaminated steel, concrete and operational 
waste such as ion exchange resins and contaminated glassware (15). Relevant aspects 
include; 
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 Danger/Safety: ILW requires radiation shielding and/or containment during 
transport and storage/disposal in order to protect the operator and the public. 
 Disposal/Storage: No disposal routes are currently available for ILW in the UK 
and at present most of these wastes are stored at the sites where they are 
produced. Some minor waste producers make use of the UK Atomic Energy 
Authority's ILW store at Harwell. ILW is classified as the range of radioactive 
waste whose radioactive content exceeds the upper limits for LLW but that does 
not require heat to be removed during storage. 
 
1.3.1.3 High level waste (HLW) 
 
The term ‘High Level Waste’ is reserved specifically for spent fuel and reprocessed 
wastes and is heat generating. There are many different radioactive isotopes present in 
this form of waste; however, for convenience they are often described as either ‘fission 
products or actinides’. The fission products originate from the splitting of heavy fuel 
elements such as 
235
U and 
238
U and are generally short-lived but intensely radioactive. 
They are characterised by their alpha, beta or gamma activity. There are some fission 
products with long half–lives, such as 99Tc (2.13 x 105 years), 135Cs (2.3 million years) 
and 
129
I (1.57 x 10
7
 years). The actinides comprise U, Th, and up to element with atomic 
number 103. 
 
In the UK, HLW consists mainly of the liquid waste produced from the reprocessing of 
nuclear fuels. (This is the residue from the primary stages of the separation of uranium 
and plutonium from irradiated nuclear fuel.) The liquid HLW is often made into a solid 
glass, through a process called ‘vitrification’. Plant equipment from the vitrification 
process that has been contaminated with the HLW is also categorised as HLW. Relevant 
aspects will include; 
 Danger/Safety: HLW requires radiation shielding and containment. 
 Disposal/Storage: HLW can have considerable heat output, which has to be 
taken into account in the design of processing, storage and disposal facilities 
(16). 
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1.4 Storage and disposal of radioactive waste 
 
The overriding objective is to ensure that the radioactive waste is managed safely, 
securely and in ways that protect the environment by ensuring that it is put into 
passively safe forms. Through integrated waste management strategies it is hoped that 
optimum arrangements for managing radioactive waste are developed and implemented. 
In 2006, the Committee on Radioactive Waste Management (CoRWM) for England and 
Wales concluded that geological disposal is the best option for the long-term 
management of higher level radioactive wastes [Adapted from the NDA] (17). 
Nowadays many countries and groups of countries carry out studies for the final resting 
place for spent fuel until it can be retrieved. The storage of radioactive waste in the 
geosphere plays a very important part in the thoughts of the population, as many 
communities do not accept this easily. As such, many consultative talks will be needed 
over a long time to gain the support of the local and national community. Talks with 
communities are based on a voluntary basis, whereby communities express their interest 
in hosting the repository. This is not the only requirement; a risk assessment must be 
done. The risk assessment will include aspects such as the vulnerability to earth tremors 
and volcanic activity of the storage area chosen, the history and geologic properties of 
the geomedia selected the rock and mineral types present, the depth of the groundwater, 
the population of the place, rescue efforts, and experts in this field. 
 
1.5 The UK concept of deep geological repository 
 
A multi-barrier system has been designed by the NDA for ILW and LLW for the UK. It 
makes use of engineered barriers (both physical and chemical) and natural barriers 
working together to achieve the necessary degree of long-term isolation and 
containment of radionuclides by preventing or limiting their movement from the 
repository to the human environment. Major aspects of the concept include: (see 
appendix 1 for schematic of the Geological Disposal Facility-GDF). 
 Immobilisation of waste packages with cement in a highly engineered waste 
container made from stainless steel.  
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 Placement in disposal vaults excavated in rock at least 300 metres below the 
ground.  
 
To achieve the goal of the repository, it will be important that  
 There is very low flow rate of groundwater. 
 There would be a sufficiently long time for any radioactive materials in the 
groundwater to travel from the disposal vaults to the biosphere. 
 There would be appropriate levels of reduction and dilution of dissolved 
concentrations of radionuclides along the travel path 
 The groundwater chemistry would be relatively benign towards the engineered 
materials in the repository so as not to be detrimental to their required safety 
functions. 
 
1.6 The concepts of near and far fields 
 
The behaviour of radionuclides released in the near/far field of a repository will be 
influenced by the geochemical media as modified by radiolysis, elevated temperatures, 
and the materials used in the encapsulation, backfill, and the rock media. 
 
1.6.1 The near field 
 
Design options for disposal facilities may include large amounts of cementitious 
material for waste immobilization, for minimizing corrosion and radionuclide 
migration, and for supporting cavities such as drifts and vaults. For purposes of safety 
assessment, these positive features have to be balanced against the potentially negative 
effects of cement degradation on the performance of the geological barrier in the near-
field. The pore water chemistry of most cements is characterized by high amounts of 
hydroxyl ions (pH >13). The migration of the cement pore water into the surrounding 
media may lead to the formation of an alkaline plume (Alkaline Disturbed Zone). 
Accordingly, local destruction of minerals constitutive of the host-rock can occur as 
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well as a substantial modification of the hydraulic and retention properties of host-rock 
in near-field (18). 
 
In the vicinity of the burial site of the high level waste, the temperature will be elevated 
due to the heating from the exothermicity of radioactive decay. At the depths of 300 to 
1000 m planned for most repositories, the temperatures may vary depending on the 
disposal storage time of the nuclear waste and the spacing of the waste packages from 
60 
o
C to 300 
o
C, while the water pressure would range from 100 kPa to 10 MPa. 
Geochemically under such conditions, mineral-water reactions are slow. Common 
processes will include; precipitation of amorphous solids, recrystallisation of metastable 
minerals and carbonaceous materials to graphite, and dehydration of some clays and 
zeolites (19). 
 
1.6.2 The far field 
 
The far field is the area surrounding the near field. It acts as the natural barrier between 
the repository and humans; as such it will have special geological properties to be able 
to retard radionuclides from the near field. However, compared with the near field, it is 
in a relatively steady state with respect to chemistry, hydrology and temperature as 
compared to the alkaline disturbed zone which is not chemically stable due to the 
background chemistry at high pH around the repository. The far field controls the flow 
of water entering the near field, retards and dilutes the radionuclides released from the 
near field. The far field thus, has tremendous capability for the safe isolation of nuclear 
waste. 
 
1.7 Transport of radionuclides in geomedia 
 
In the evaluation of radionuclide retardation the effect of sorption on primary and 
secondary minerals must be considered. Despite the enormous amount of effort to 
understand the possible behaviour of escaped radionuclides, great uncertainty remains, 
mostly highlighted by the problem of time. Time constitutes one of the greatest 
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limitations to understanding future scenarios. We cannot make one integrated 
experiment that captures all the relevant mechanisms for the times of interest. We need 
to understand all important processes and how they integrate over >100 000 years (3). 
 
Radionuclides with high sorption affinity for the rock or mineral phases present are 
expected to be severely retarded compared with groundwater flow. Estimates for the 
movements of contaminants away from sources are obtained from hydrologic and 
geochemical transport codes. Parameters for these codes must be experimentally 
determined or measured. The reliability of predictions based on these codes depends 
directly on the quality of the input parameters. Uncertainties in parameter estimation 
can lead to significant uncertainties in nuclide transport simulations because of the long 
time allowed for contaminant migration in model simulations (6). In the near field, as 
the canisters become corroded the wall thickness will decrease up to a stage where 
radionuclides are released into the immediate surroundings of the repository. The near 
field acts as a source term, and with ‘the normal release model’ a plane of groundwater 
flowing normally to a failed canister will wash released radionuclide in the groundwater 
from the near field (See Appendix 1.2). Water penetration will depend on the porosity 
of the backfill hydrology and the container types. Radionuclides migrate from the near 
field in the direction of groundwater flow.  
 
In 1856 Henry Darcy (20)concluded: The rate of flow (volume of water per unit time)  
Q (m
3 
s
-1
) is proportional to the cross-sectional area A (m
2
) and the difference in 
piezometric potential and inversely proportional to the flow path L: 
 
1 2H H
Q =  kA
L    (1.1) 
Where k is the hydraulic conductivity (m s
-1
), H1 and H2 (m) are arbitrary horizontal 
datum levels and L is the flow length (m). The hydraulic gradient J is defined by 
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1 2 H  H
J = 
L
 
   (1.2) 
 
This is also called the potential gradient and governs how groundwater moves in porous 
media.  
Radionuclides in the near field get into the far field by; 
1. Advection via moving groundwater; 
2. Diffusion, which is dominant in slow moving and static waters; and 
3. Reaction and interactions with the fluid constituents such as colloids and 
particulate matter in the process of sorption. 
 
Radionuclides in groundwater will reach the biosphere from the far field depending on 
three main factors: 
1. The path length and velocity of the water-born migration (combination of 
advection and diffusion) through the geomedia; 
2. The physical and chemical environment along this path; and 
3. The ability of the geological material to retard the radionuclides. 
 
The one dimensional transport equation for radionuclide in porous media is generally 
stated as: 
2
s
2
dC dC d C
=-V +D -
dt dx dx
ρds
ε dt
 
Where 
V is ground water velocity (cm s
-1
), 
C is radionuclide concentration (mg cm
-3
), 
Ds is dispersion coefficient (cm
2
 s
-1
), 
x is distance along the flow path (cm) 
ρ is bulk density of   porous media ( g cm-3) 
ε is the porosity of media, 
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t is time (s)  
s is radionuclide concentration sorbed on solid (mg g
-1
). 
 
The three terms on the right hand side of the equation represent the advection, 
dispersion/diffusion and sorption/sinks terms. The work presented in this thesis 
concerns the sorption/sinks term of transport of radionuclides from the near to the far 
field. 
 
Retardation and retention are two of the main processes by which the radionuclides in 
groundwater will be prevented from reaching the earth’s surface by the natural barrier-
the rock barrier. Therefore, much work has been carried out trying to study the 
retardation properties of different rock types. Most of the work is performed by 
studying the sorption properties of rock types, and is concerned with what proportion of 
the radionuclides in groundwater are retarded by the geomedia. The main objectives of 
quantifying the behaviour of radionuclides in the far field are thus, to understand: 
1. The site hydrology and groundwater movement; 
2. Physical dispersion and diffusion rates; 
3. Radionuclide interactions with the geological material; and to 
4. Solubility and retardation parameters for predictive models. 
 
 
1.8 Different types of retardation mechanisms 
 
Investigations into radionuclide migration are carried out in the field and in laboratories. 
The advantages of field studies over laboratory studies lie in the fact that field studies 
give the exact physical and chemical situations of the natural environment at the time of 
measurements, although the practicalities of collecting the samples may be problematic. 
Field studies give an insight into the specific physical parameters and chemical 
parameters of a natural site and enable a true understanding of the movement of 
radionuclides. In field studies, the information collected is usually complex and based 
on one site and often very difficult to model. Laboratory studies allow simple systems to 
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be examined and modelled, although this can lead to over interpretation compared to the 
natural environment, thereby limiting the application in migration models. Retardation 
mechanisms considered in evaluating radionuclide migration from geologic repositories 
are listed below (figure 1.1). 
 
Of these mechanisms, sorption, precipitation and co-precipitation reactions are usually 
considered the most important for mitigating radionuclide release from near-field. 
Sorption can be loosely defined as any process which results in the removal of a solute 
from solution by attachment of that solute to the surface of a solid phase. It includes 
processes such as: ion exchange, surface complexation, specific adsorption and physical 
processes (18) precipitation, diffusion into dead-end pores, mineralisation, molecular 
filtration and isomorphous transition. 
 
 
 
 
 
 
Figure 1.1: Schematic of radionuclide retardation processes by Jedináková (21) 
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An increased understanding of adsorption processes and the factors affecting them can 
improve the transferability of adsorption measurements and the reliability of models 
used in interpreting and estimating radionuclide migration. During migration studies in 
a fractured rock, two types of retardation process are usually considered; (i) surface 
sorption at the fracture walls, and (ii) diffusion and bulk sorption into the rock matrix. 
Both types of sorption are assumed to be reversible processes and can be modelled 
using distribution coefficients obtained by equilibrating solutions containing the 
radionuclides of interest with the rock sample or rock matrix respectively. 
 
1.9 Retardation by matrix diffusion 
 
From previous studies, it is clear that most of the water flow in crystalline rocks takes 
place through a network of approximately planar fractures (22). The intervening rock is 
much less permeable to water flow, but dissolved species can diffuse into the 
micropores under the action of a concentration gradient (22). Matrix diffusion plays a 
major role in the retardation of radionuclides in porous media such as granite (23).  
Matrix diffusion is diffusion in the water in the connected pores in a solid matrix. It is 
also diffusion in the electrical double layer at the pore surface. Mechanisms relating to 
matrix diffusion include; electro-migration and electro-osmosis. Electro-osmosis is 
related to bulk movement of charged particles due to a concentration gradient, while 
electro-migration is the gradual movement of the ions into pores due to momentum 
change caused by other ions present in the system. 
 
1.10 Sorption models 
 
1.10.1 Linear Kd model 
 
The partition (or distribution) coefficient, Kd, is a measure of sorption of contaminants 
to geomedia, and is defined as the ratio of the quantity of the adsorbate adsorbed per 
unit mass of solid to the amount of the adsorbate remaining in solution at equilibrium. 
Kd values are thermodynamically determined at stated equilibrium conditions as 
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opposed to distribution ratios such as Rd which are not thermodynamically determined. 
In this thesis Rd is preferred to Kd. Values for Kd not only vary greatly between 
contaminants, but also vary as a function of aqueous and solid phase chemistry (24). 
Some adsorption studies are conducted in a systematic fashion to evaluate the effects of 
various parameters (such as pH, and ionic strength) on Kd. The results of a suite of 
experiments evaluating the effect of contaminant concentration on adsorption, while 
temperature is held constant, are called an “adsorption isotherm.” Among all 
phenomena governing the mobility of substances in aqueous porous media and aquatic 
environments, the transfer of substances from a mobile phase (liquid or gaseous) to a 
solid phase is a universal phenomenon. That is the reason why the ‘‘isotherm’’, a curve 
describing the retention of a substance on a solid at various concentrations, is a major 
tool to describe and predict the mobility of this substance in the environment (25). This 
isotherm often cannot of itself provide information about the type of reaction involved. 
For example, the retention can be either due to surface retention without creating three-
dimensional structure or to precipitation of a new solid phase (26) (27). However, 
isotherms give a general view of the distribution of radionuclides between the solid-
liquid phases. 
 
Isotherm models are used to describe the case where sorption relationships deviate from 
linearity. For many short-lived radionuclides, the mass present never reaches quantities 
large enough to start loading surface adsorption sites to the point that the linear Kd 
relationship is not applicable. However, long-lived radionuclides and stable elements 
can be found in leachates and groundwaters near waste sources at concentrations large 
enough to affect the saturation of surface adsorption sites. 
 
The partition (or distribution) coefficient, Kd, is expressed mathematically as shown 
below, as the ratio of the quantity of the adsorbate adsorbed per unit mass of solid (Q) 
to the amount of the adsorbate remaining in solution at equilibrium (C).   
 
d
Q
K
C
     (1.3)     
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(1.4)  
  
Most of the time, the concentration of the compound retained on the solid Q is 
calculated by difference between the initial solute concentration Ca0 and the final solute 
concentration C. In the case of retention stage, the solid concentration at equilibrium Q 
(mol g
-1
) is given by equation 1.4 with V being the volume of solution (dm
3
), M is the 
solid mass (g) and Qa0 (mol g
-1
) is the concentration of the compound initially retained 
by the solid, which must be measured or shown to be negligible (25).  
 
The use of a distribution coefficient in describing nuclide migration requires some 
assumptions: 
1. The sorption process during migration is reversible. 
2. The ratio of solute concentration between the solid and solution phases also 
remains constant (28). 
 
A more realistic approach to the concept of Kd, which is a thermodynamically 
determined value, is the Rd (Distribution ratio) of the solute between the solid and liquid 
phases, at the stated experimental conditions and it is not thermodynamically 
determined. Models pertaining to deviations from linearity for the distribution of 
radionuclides are shown in appendix 1.3.  
 
1.10.2 The Freundlich isotherm 
 
For rocks and minerals, contaminant adsorption can sometimes deviate from the linear 
relationship established by the distribution coefficient. In some circumstances, the 
amount of contaminant in solution contacting the solid will reach such a concentration 
that all adsorption sites would become saturated and the linear relationship between 
contaminant adsorbed to contaminant in solution would no longer hold. 
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Long-lived radionuclides and stable elements can be found in leachates and 
groundwaters near waste sources at concentrations large enough to affect the saturation 
of surface adsorption sites. The Freundlich equation; equation 1.5, (1) (29) is one of the 
various models that have been employed for the study of metal adsorption. It expresses 
relation between the adsorbed quantity Q and the remained solute concentration. 
 
 
1
nQ KC    (1.5)     
 
The equation is expressed in the linear form as: 
1
logLogQ LogK C
n  
(1.6)
 
  
  
Where Q is the concentration of metal sorbed (mol g
-1
), C is the concentration of metal 
in the equilibrium solution (mol dm
-3
), K (dm
3 
g
-1
) and n (dimensionless) is a parameter 
that describes the heterogeneity of the sorption sites. A graph with log C as x-axis 
versus log Q as y-axis provides a line of slope 1/n and intercepts the y-axis at log K. 
According to the Freundlich equation, the isotherm does not reach a plateau as C 
increases. 
 
As 1/n tends to unity the surface becomes more uniform. Intact and crystalline minerals 
have higher 1/n values than pulverised and non-crystalline minerals. The constants are 
usually derived from a plot of sorbed concentration (Q) against concentration in 
solution (C). The Freundlich equation assumes that the surface of the solid is covered 
with a monolayer of sorbed species. The monolayer is not covered by any other layer. 
The Freundlich model does not account for finite adsorption capacity at high 
concentrations of solute (13). 
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1.10.2 Langmuir isotherm 
 
Sorption by the Langmuir  isotherm assumes the solid has a limited adsorption capacity 
Qmax.  
 Adsorption occurs up to the extent of one monolayer. 
 All adsorption sites are identical. 
 Occupation of a site is independent of the occupation of neighbouring site(s). 
 The temperature is constant. 
 The surface is uniform and homogeneous. 
 The process is reversible. 
 Each site retains one molecule of the given compound and  
 All sites are energetically and sterically independent of the adsorbed quantity 
(30). 
 
The reversibility/irreversibility of the sorption process is of fundamental importance for 
the understanding of the fate of radionuclides in the geological systems. If the process is 
reversible, the same isotherm should be valid for sorption and desorption under the 
same experimental conditions (31). The Langmuir Model equation takes the form as 
shown in equation 1.7 (32): 
 
1
KbC
Q
KC    
(1.7)
   
   
 
The linearised form of the equation is represented as (33) 
 
1C C
Q KB B    
(1.8)      
 
Where b is the maximum adsorption capacity of the substrate (mol g
-1
) and K is a 
constant representing the strength with which the solute is bound to the substrate  
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(dm
3
 meq
-1
). Values of b and K can be determined by plotting the linearised equation 
7.6 (33). 
 
The Freundlich and the Langmuir models have been used in describing results that 
showed deviations from a linear distribution. Empirical models like those mentioned are 
mathematical descriptions of the experimental data without any particular theoretical 
basis (34). In addition to the use of above mentioned models, surface complexation 
parameters have been used in this thesis based on modelling studies using the JChess 
geochemical code (35). 
 
The Langmuir model assumes that not all the adsorption sites are equally active; all 
adsorbing molecules do not exert an influence on their neighbourhood. Large molecules 
may occupy more than one adsorption site, and assuming that the adsorbed layer will be 
only one molecule thick is not valid. However, the Langmuir model gives us a basis for 
modelling adsorption by fitting data sets. 
 
Because adsorption isotherms at very low solute concentrations are often linear, either 
the Freundlich isotherm with n equalling 1 or the Langmuir isotherm with KC much 
greater than 1 fits the data. The value of n for the adsorption of many radionuclides is 
often significantly different from 1, such that nonlinear isotherms are observed. In such 
cases, the Freundlich model fits the set of data than the Langmuir model. 
 
The relationship between the sorbed and dissolved radionuclide concentrations can be 
plotted to give an adsorption isotherm. The linear Freundlich and Langmuir equations 
are commonly used in the description of sorption isotherms. The Kd concept work well 
when applied to trace concentrations of non-ionised, hydrophobic, and organic 
molecules. Application of this approach to inorganic contaminants however, is 
problematic because the parameter is so sensitive to aqueous chemical conditions such 
as pH, alkalinity or concentration of the complexing ligand that may be encountered 
along the flow path of the water and batch experiments.  
 
 
39 
 
1.11 The retardation factor 
 
The retardation factor (Rf) is a dimensionless parameter that quantifies the relative 
motion of the sorbing constituent of groundwater compared to a non-sorbing 
constituent. The retardation factor is defined to be a linear function of Kd as shown by 
(36): 
d
f
K
R  1    (1.9) 
 
Where ρ equals dry bulk density (g/cm3) of the rock through which groundwater 
is transported, and θ represents its total porosity (dimensionless). 
 
Although distribution coefficients are defined operationally, several assumptions are 
inherent when using them in the equation above. These include: 
 The relation between the sorbed and aqueous concentrations of a constituent is 
linear, at least over the concentration range of interest, 
 The sorption reaction is reversible (36). 
 
1.12 Additivity rule 
 
The Kd for a rock type with different component minerals will be a contribution from 
the Kd value of independent minerals constituting the rock. Granite has three main 
mineral components (feldspars, quartz and mica). The fraction of a mineral in the rock 
and the molecular structure of the mineral will determine how much each mineral 
contributes to the overall Kd value of the rock. The distribution ratio of a rock type is 
given by: Rd the ratio of metal concentration bound to the concentration of metal in 
solution .  A more realistic approach to the concept of Kd, is the Rd (Distribution ratio of 
the solute between the solid and liquid phases, at the stated experimental conditions and 
it is not thermodynamically determined. If the additivity rule is applicable for the rock, 
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the distribution ratio based on the rock type is expressed by a linear combination of Kd 
and the rock mineral component by the following equation (13). 
dR *di i
i
R P   (1.10) 
 
Rdi is the distribution ratio for the i-th component of the rock type and Pi is the 
content of the i-th component. 
 
1.13 Surface complexation models (SCM) 
 
Experimental data on interactions at the mineral-electrolyte interface can be represented 
mathematically using two different approaches:  
1. Empirical models  
2. Mechanistic models. 
 
An empirical model can be defined as a mathematical description of the experimental 
data without any particular theoretical basis (34). For example, the Kd, Freundlich 
isotherm, and Langmuir isotherm are considered empirical models by this definition 
(34). Mechanistic models refer to models based on thermodynamic concepts such as 
reactions described by mass action laws and material balance equations. Four of the 
most commonly used mechanistic models include the Helmholtz, Gouy-Chapman, 
Stern, and Triple Layer models (37) (Appendix 1.4). 
 
The empirical models are often mathematically simpler than mechanistic models and 
are suitable for characterising sets of experimental data with a few adjustable 
parameters, or for interpolating between data points. On the other hand, mechanistic 
models contribute to an understanding of the chemistry at the interface and are often 
useful for describing data from complex multi-component systems. 
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In the field of radioactive waste management, the sorption of radionuclides measured in 
batch experiments has been treated predominantly in terms of empirical parameters such 
as the distribution ratios and isotherm equations. An alternative approach is to try to 
understand sorption from a mechanistic view point. Such an approach has intrinsic 
advantages over empirical values when trying to justify sorption values chosen for 
safety assessment analysis and when it is necessary to predict sorption under a variety 
of conditions (38). In surface complexation models, ions and individual functional 
groups on the surface are considered to react to form coordination complexes and ion 
pairs (39). 
 
Surface complexation modelling approaches are much more robust in application over 
variable geochemical conditions than empirical models because they adopt a more 
mechanistic approach to adsorption. This flexibility is often gained at the expense of 
simplicity. SCMs may require a large number of parameters to accommodate their 
increasing complexity. They use mass action law analogous to aqueous phase reactions 
to describe adsorption, thus, accounting for changes in chemical speciation, competitive 
adsorption and other multisolute interactive chemical effects. 
 
Cation adsorption occurs on both the σo (solid-metal ion interface) and σβ (metal ion-
water interface) which are termed inner and outer sphere complexes respectively (40). 
Adsorption on the β-plane is more affected by variations in both background electrolyte 
and concentration of trace metal concentration than that which occurs on the o-plane. 
The formation of inner and outer sphere complexes depends upon the nature of oxide 
surfaces as well as on the adsorbate cation (ionic radius, degree of hydration and or 
complexation with the anion of the background electrolyte. It is also common that some 
of the metal adsorbed as hydrolysed species (41). Surface complexation reactions 
include both protonation and deprotonation reactions as shown below. Surface 
protonation/deprotonation leads to a non-permanent pH-dependent surface charge (+ or 
-) (42). Reactions responsible for surface charge are such as: 
(i) ≡SOH2
+
           ≡SOHo + H+ 
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o
a1
2
SOH  H
K  
SOH
 
 
(ii) ≡SOHo            ≡SO- + H+ 
a2
o
SO  H
K   
SOH
 
 
1.13.1 The advantages of surface complexation models 
 
The main advantages are: 
 The modelling approach provides a thermodynamic framework to describe 
adsorption reactions of contaminants. 
 The stability constants for the adsorption reactions can be included as part of an 
overall network of chemical reactions in the geochemical equilibrium or coupled 
reactive transport models and thus, can be used coupled with thermodynamic 
databases for aqueous speciation and solubilities. 
 The modelling approach allows predictive calculations for a range of chemical 
conditions without adjusting the values of the model parameter as chemical 
conditions are varied in space and time. 
 The modelling approach may in some cases require less parameterisation 
compared to the multiple empirical parameters necessary to capture physical and 
chemical heterogeneities. 
 The modelling approach can be included efficiently in transport simulations 
having chemical gradients in space and time (43). 
 
In surface complexation modelling applied to oxides and silicate minerals, the surfaces 
are characterised as polymeric oxo acids and the specific adsorption of protons or 
hydroxide ions is interpreted in terms of acid-base reactions at the surface. Surface 
charge is developed by reactions yielding charged surface species (e.g. protonated or 
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deprotonated surface hydroxyl groups) (44). A general term (hydr)oxide is used to 
describe all potential sorbents occurring as oxides, hydroxides and oxyhydroxides (45). 
 
Thermodynamic surface speciation models are chemical models that provide a 
molecular description of the adsorption phenomena using an equilibrium approach. 
Analogous to solution complexation, thermodynamic surface speciation models define 
surface species, chemical reactions, equilibrium constants, mass balance and charge 
balances. Thermodynamic surface speciation models constitute a family of models 
having many common chemical characteristics and adjustable parameters. The surface 
complexation models differ in their structural representation of the solid-solution 
interface, that is, the location of the adsorbing ions and in the charge-electric potential 
relationships used to describe the electrostatics of the interface from the mineral surface 
out into the bulk solution (43). 
 
There is much evidence in the published literature to show that minerals present in 
natural systems do not exist as pure forms, rather their surfaces are coated with thin 
layers of alteration products of secondary minerals (38). These coatings are often 
complex mixtures of thermodynamically metastable amorphous and microcrystalline 
hydroxides/oxides of aluminium, iron, manganese and silicon. The general proposition 
therefore, is that these secondary minerals and not the minerals themselves can be the 
important trace element sinks. Such poorly crystalline materials often contain extensive 
isomorphic substitution, rarely abide by the classical solubility values determined on 
pure highly crystalline materials, they may be considerably more stable than laboratory 
studies on ideal systems would imply and are often physically and chemically admixed 
in small quantities in such a way that their removal is difficult and that the most 
commonly used analytical tools are often not sufficiently sensitive to detect their 
presence (38). Members of the thermodynamic surface speciation model family
 
include: 
 
 Constant capacitance model, 
 Diffuse layer model and 
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 Triple layer models. (Different approaches to surface complexation model are 
explained in appendix 1.5) 
 
1.13.2 Inner and outer sphere complexation 
 
Atoms present in the bulk of the mineral are fully co-ordinated, whereas atoms at the 
surface are not, and so reactions with water give rise to hydroxylated surfaces. Outer 
sphere complexes are formed when a water molecule lies between the bound molecule 
or particles and the surface functional group, i.e., it is hydrated. Outer sphere 
complexation is usually rapid and reversible. Outer sphere complexes involve 
electrostatic interactions, whereas inner sphere interactions form from chemical bonds. 
Therefore, there is a chemical difference between an ion bound in the inner sphere and 
an ion of the same species bound in the outer-sphere or present in the diffusion part of a 
double layer (46). 
 
Inner sphere complexes are formed when a water molecule or particle is bound to the 
functional group. As a rule, the relative affinity of a contaminant to sorb will increase 
with its tendency to form inner sphere surface complexes (47). The tendency for a 
cation to form an inner-sphere complex in turn increases with increasing valency. Inner 
sphere complex formation is usually slower than outer sphere complexes and often 
irreversible, and can increase, decrease, neutralise or reverse the charge on the particle 
regardless of the original charge. Adsorption of ions via inner sphere complexation can 
occur on the surface regardless of the surface charge. It should be noted that inner and 
outer sphere complexation can occur at the same time (26). Schematic showing inner 
and outer sphere complexation is shown in appendix 1.4. 
 
1.14 Application of mass law to surface complexation of radionuclides 
 
The general equation for the interaction of the metal ion with an oxide substrate may be 
expressed by the following equation (41) (48). 
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n x
n
x
M  x SOH  M SOH  xH   (1.11) 
 
The equation above is applicable under the following assumptions: 
 Protons are the dominant potential determining ions, 
 All surfaces have at least single binding site, 
 Each site can undergo two protonation reactions, 
 Charges are always expressed as integers, 
 Strict distinction is maintained between inner- and outer sphere complexes. 
For very low activities of metal species and those of its complexes with surface species, 
the equilibrium constant may be expressed as (41) (48). 
 
n+
adsorbed
en+
soln
[ ]  log K (    )          M
M
xLog pH log SOH  (1.12)  
 
The equilibrium constant Ke describes the distribution of a given constituent among its 
possible chemical forms if complex
 
formation and dissociation reactions are at 
equilibrium. The equilibrium constant is affected by a
 
number of factors, including the 
ionic strength of the aqueous phase, presence of competing
 
reactions, and temperature 
(47). 
 
A plot of the left-hand side as a function of {pH + log [≡SOH]} yields a linear 
relationship, the slope of which gives the stoichiometry of the reaction. This 
relationship is applicable in the region of steep rise in adsorption with pH (41). Values 
of ‘x’ (x is a dimensionless constant) greater than unity suggest a mixed reaction type. If 
the adsorption is smeared, the proton stoichiometry in the region of lower pH value is 
even lower than 0.05 an indication that adsorption takes place in the β-plane (41). 
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1.15 Surface cation exchange capacity for granitic rocks 
 
Cation exchange capacity, (CEC), refers to the quantity of negative charges existing on 
the surface of soil or mineral particles. It is usually expressed as the capacity of a 
soil/mineral to exchange cations between the solid and solution, usually given in meq 
per 100 g. The negative charges attract positively charged ions, or cations, hence the 
name ‘cation exchange capacity’. CEC is an essential factor in the retardation of 
radionuclides in geomedia. It is an important sorption parameter by which radionuclides 
are retarded in the geologic barrier system (GBS).  
 
CEC is one of the most important chemical properties of rocks and soils, particularly 
important in materials that contain minerals such as clay minerals and zeolites, which 
can have high concentrations of readily exchangeable cationic sites within their crystal 
structures. It is a major control on the distribution of mobile cationic species between 
the mineral phase and pore water or groundwater, and therefore influences such things 
as the retention and release of essential nutrients in soil systems, or mobility, retardation 
and migration of contaminants in the environment. Consequently, a large number of 
analytical methods to estimate CEC have been developed and have been reported in the 
scientific literature since the nineteenth century
 
(49). 
 
Ever since the pioneering work of Thompson (1850) on the absorbent power of soils, 
much work has been done on the chemical properties of natural porous media (50). 
Despite the work done, CEC which is the basis of the retention phenomena is still not 
fully predictable. One of the reasons being that the CEC of a given sample may vary 
with the latter’s chemical and thermal history (50). The retention capacity of heavy 
metals and radionuclides in the far field is still not fully understood. 
 
In clay minerals the most common exchangeable cations, in order of usual relative 
abundance, are Ca
2+,
 Mg
2+
, H
+
, K
+
, NH4
+
, Na
+
. It is commonly believed that cation 
exchange occurs due to the broken bonds around the crystal edges, the substitutions 
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within the lattice, and the hydrogen of exposed surface hydroxyls that may be 
exchanged. The clay minerals are not the only components having CEC. All minerals of 
extremely small particle size have a small CEC as a result of broken bonds around their 
edges. This capacity increases as the particle size decreases, but even at the smallest size 
in non-clay minerals associated with clays, the exchange capacity due to broken bonds 
is relatively insignificant (51). It is evident that the pH which cation exchange occurs 
should be taken into account, especially if the extractant cation is susceptible to change 
as a function of the pH, by hydrolysis or by partial neutralisation of the charge (50).  
 
Most of the CEC measurements are performed on particulate matter. There are 
problems in the extrapolation and application of the CEC values determined from 
powdered or crushed rock samples (using analytical methodologies that were originally 
intended for analyses of loose materials). Thus, there is a difference in the CEC for 
loose material and that for intact samples like those of fractures in granitic rocks. The 
methodologies generally over-estimate the true CEC of the rock (49). 
 
Knowledge of the CEC of the geologic medium gives a strong indication as to the 
extent to which cations can be retarded. In this light, CEC measurements are always 
performed on crushed rock or soil samples. However, there are concerns regarding 
which types of sample give results of CEC measurements which reflect the true 
situation. 
 
1.16 Point of zero charge 
 
The point of zero charge (PZC) of a mineral is defined as the pH value at which a 
mineral with amphoteric surface functional groups has no net surface charge (6). At this 
value, the anion and cation exchange capacities (adsorption of counter-ions from 
solution to balance the charge) are equal. When conditions are more acidic than the 
PZC, the oxide surface is positively charged, and the anions or the negative regions of a 
polarised molecule are attracted to, and electrostatically held to the surface. Under 
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conditions more alkaline than the PZC, the same attraction applies to the cations or their 
equivalents (46). 
 
The free energy of adsorption on oxide surfaces can be considered to be composed of 
three components (50). Firstly, pure electrostatic bonding which depends only on ionic 
charge. The second component arises from specificity in bonding of different ions due 
to their charges, size and polarisability; this attraction will be zero for uncharged 
surfaces. The third is due to specific interactions between an ion and the surface and can 
be positive, negative or zero depending on whether adsorption, repulsion or no 
interactions occurs. It arises from the electronic nature of the ions of the surface and the 
electrolyte, and is composed of coordination, van der Waals and polarisation forces, so 
that an ion may be adsorbed by an uncharged or even a similar charged surface (50). 
 
Minerals with silanol sites tend to have low PZCs (e.g. quartz has a PZC of 
approximately 2 to 3); whereas minerals with aluminol sites have higher PZCs (gibbsite 
has a PZC of approximately 8 to 9). Minerals with a combination of aluminol and 
silanol sites tend to have intermediate PZCs (the PZC of kaolinite is 4 to 5). Because 
feldspars are composed of both silica tetrahedra and alumina octahedra they are 
expected to have a PZC of less than 7. pH values measured in the field are usually 
higher, probably due to the presence of carbonate and/or other salts (6). Adsorption that 
results in shifts in PZC indicates that forces in addition to electrostatic attraction are 
involved in the adsorption mechanism. Typically this means that inner-sphere 
complexes are formed, although outer-sphere complexes bound by strong hydrogen 
bonds cannot be ruled out. Adsorption that does not result in a shift in PZC may be due 
to either inner-sphere or outer-sphere surface complex formation (43). 
 
1.17 Granite as a suitable host rock for a deep repository 
 
Geological matrices surrounding a waste repository are expected to act as natural 
barriers to both water flow and radionuclide migration. Granite rock as host media and 
bentonite, alone or its mixture with sand (quartz) or crushed granite, as the backfill are 
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the favoured materials in the Swedish model for the repository (4). Granite, the most 
common igneous rock is the candidate for a repository host rock in Sweden and Finland 
(9) (52). Physical properties lending uniqueness to granite are its porosity/permeability 
and hardness. Granite has almost negligible porosity coupled with a high thermal 
stability. Granite is virtually impervious to weathering by temperature, and even from 
chemicals, and has a very small co-efficient of expansion. Many studies on granite 
reveal the main composition to be quartz, plagioclase feldspars and biotite (6) (7) (8), 
and (34). Hydraulic properties of granitic rocks which may be used as part of the 
geologic barrier system (GBS) include (53): 
• Gently dipping zones: transmissive,  
• Upper part of granitic rock mass: highly transmissive, 
• Greater than 200 m depth: low frequency of connected transmissive fractures, 
• Greater than 400 m depth: very few connected transmissive fractures,  
• Meteoric water at shallow depth, below which salinity increases. 
 
Granites from different sources vary in mineralogical composition, which can result in 
differences in sorption properties in different types of granite. 
Table 1.1 Chemical composition of different minerals found in granite, adapted from (4) 
 
Mineral Chemical composition 
Quartz SiO2 
Muscovite K(Mg,Fe)3(AlSi3O10)(OH)2 
Orthoclase Feldspar KAlSi3O8 
Plagioclase Feldspar NaAlSi3O8 / CaAl2Si2O8 
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1.18 Review of related work on Ni and Eu sorption to granitic rocks and 
component materials 
 
1.18.1 Nickel 
 
Research on radionuclide migration and adsorption has centred on particular 
radionuclides of elements such as uranium, plutonium, caesium and strontium (11)
 
(13) 
(54) (55) (56). Ni and Eu sorption to granites has not been researched to the same extent 
(57) (58) (59) (60). This review will consider some of the work that has been done so 
far, regarding Ni and Eu sorption to granitic rocks and minerals and some related 
geological materials.  
 
Sorption of Ni on Rapakivi Granite from Finland was investigated by Muuronen et al. 
(61), using autoradiography. All autoradiographs were measured by micro photo 
densitometry. The concentration profile obtained showed the decreasing concentration 
of the radionuclide with penetration depth. 
 
One of the early studies of Ni sorption to geological materials was done by Cornell et 
al. in 1992 (62). They were able to show that sorption of Ni on marl was linear over the 
nickel equilibrium concentration range of 1 x 10
-11
 to 1 x 10
-5 
mol dm
-3
,
 
using synthetic 
groundwater at pH 7.3 and a total surface area of 9 m
2
 of rock; obtaining an Rd value of 
819 ml g
-1
. The results showed that at lower Ni concentrations, sorption was mainly by 
an isotope exchange mechanism, whereas, at higher concentration sorption was due to 
ion exchange mechanism. Thus, the mechanism of sorption was found to vary with the 
sorbent concentrations (63). Marl a sedimentary rock is stated here to give an indication 
of Rd on geological rocks. 
 
Ticknor (57) working at AECL carried out sorption experiments on quartz, granite, 
biotite, K-feldspar, hematite and kaolinite using gravity settling and was able to show  
hematite was the most sorbing, with the least sorbing being quartz, regardless of 
solution composition. It was observed that increased Ca and Mg concentrations and 
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lower pH resulted in lower Ni sorption, and that Ni sorption may occur by a 
combination of ion exchange and surface complexation depending on the nature of the 
solid. At pH values less than 7, Ni sorption increased with decreasing ionic strengths 
and initial Ni concentration, showing that both specific and non specific sorption is 
involved. Sorption values obtained using different synthetic groundwater were in the 
ranges 2.4 to 660 ml g
-1
 for granite, 0.20 to 1.6 ml g
-1
 for quartz, 1.1 to 66 ml g
-1 
for 
feldspar and 55 to 950 ml g
-1
 for biotite, confirming the high sorption ability of biotite.  
 
Sorption of Ni was studied by Elzinga et al. (42) on illite (Illite is an alteration product 
of muscovite and feldspar) as a function of pH over various reaction times using X-ray 
absorption spectroscopy. The results showed the formation of Ni-Al layered double 
hydroxide (LDH) at pH 6.25 on the pH range of 4.5 to 8 and ionic strength of 0.1 and 3 
x 10
-4 
mol dm
-3
. It was observed that the absorption increased with decrease in ionic 
strength of the solution. Extended X-ray absorption fine structure spectroscopy data 
showed that sorption occurred by outer-sphere complexation (42)  
 
In 2001, Charalambos (6) performed a parametric study on the granite from the Shoal 
Underground Test Area, near Fallon, Nevada, USA to study the fate and transport of 
dissolved contaminants are largely determined (lead, strontium, and caesium) using 
linear and Freundlich isotherms. Results showed that the degree of interaction depends 
on a number of factors including mineral composition, solution composition, pH and 
temperature. Changes in geochemical conditions may have dramatically different effects 
on the behaviour of different ions (6). 
 
 
Chlorite is an Fe(II)-containing phyllosilicate which is often present as a fracture filling 
mineral in granitic rocks. It may therefore be significant in influencing redox conditions 
and sorption processes in granitic waters. The sorption of Ni was studied in a chlorite 
system by Gustafson et al.(in 2004)- (39) using a batch technique at varying Ni 
concentrations in 0.01 to 0.05 mol dm
-3
 NaClO4, and varying pH from 4 to 11. The 
results obtained showed high pH dependence at pH > 5, but the sorption was 
independent of ionic strength. The maximum adsorption was found between pH 7 and 
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11 with Rd values of 1000 ml g
-1
. A diffuse layer model was used to describe the 
experimental results. 
 
Most recently (2009), Baik, et al. (64) studied the retention of U(VI) by laumontite, a 
fracture-filling of granite by conducting dynamic and batch sorption experiments in a 
glove-box using a granite core with a natural fracture. The hydrodynamic properties of 
the granite core were obtained from the elution curve of a non-sorbing tracer, Br
–
. The 
elution curve of U(VI) showed a similar behaviour to Br
–
. He showed that the retention 
of U(VI) by the fracture-filling material was not significant when migrating through the 
fracture at a given condition. From the dynamic sorption experiment, the retardation 
factor Ra and the distribution coefficient Ka of U(VI) were obtained as about 2.9 and 
0.16 cm, respectively. 
 
1.18.2 Europium 
 
Allard et al. (in 1979) investigated the sorption of cerium (Ce), neodymium (Nd) and 
europium (Eu) on Finnsjön granite in water and after 6 months found Kd-values of 8-32 
m
3
 kg
-1
 (65). In the same year Erdal et al. (66), studied Eu sorption-desorption to granite 
and obtained Kd values of around 0.24 and 0.55 m
3 kg
-1
. 
 
In 1996, Ticknor et al., studied the sorption of different radionuclides (such as 
241
Am, 
233
U, 
137
Cs) on granitic rocks and selected granitic minerals, such as quartz, biotite, and 
goethite in the presence of fulvic acid (67). Results showed that U sorption to all the 
granitic materials studied was identical due to the presence of organics. 
 
The sorption of Eu was modelled in 1998 using the sorption complexation model (68). 
The sorption of Eu(III) onto hematite at coverages < 1% of the surface hydroxyl groups 
followed the ideal Nernst behaviour and was interpreted in terms of surface 
complexation. Similar work on Eu sorption on magnetite was performed by Catalette et 
al. in the same year
 
(69). Results showed that magnetite has a high capacity of retention 
for Eu
3+
, especially under pH conditions expected in a deep geological disposal. 
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Marmier, et al. (70) studied the surface complexation (Constant capacity model CCM) 
of Yb(III) and Cs on silica at pH 6.5. Silica forms the basic unit of quartz, one of the 
minerals in granitic rocks. Caesium can bind on the silica surface because of the very 
low pHzpc of this oxide. This sorption decreases when the concentration of sodium 
increases in solution. The sorption of ytterbium is not affected by the presence of 
sodium in solution because of its greater binding strength. CCM is able to account for 
the sorbing behaviour of both ytterbium and caesium, with a relatively low number of 
adjustable parameters. 
 
  
In 2004, the migration over time of Eu was studied in bentonite by Wang et al. (71). 
The effect of the dispersion coefficient and the pore water velocity on the migration of 
Eu was also taken into account. It was found that the dispersion coefficient did not 
influence the migration, while the variation of the distribution coefficient and the water 
velocity affected the behaviour of Eu(III) in compacted bentonite. Most of the europium 
was retained in the first several metres.  
 
In 2005 the influence of background electrolyte was studied by Naveau et al. (72). They 
were able to compare equilibrium calculations in different background electrolyte using 
the JCHESS and FITEQL computer code programs. The presence of electrolyte ion was 
found to decrease the immobilization of Eu on goethite. This finding implied that the 
interaction of Eu with electrolyte ions has to be taken into account when studying the 
retention of a contaminant by minerals that constitute engineered and natural barriers. 
 
In 2006, Takashahi et al. (73) carried out studies on the irreversible sorption of 
europium on silica. The independence of Eu(III) sorption on ionic strength, the 
increased affinity of silica for heavier rare earth ions, and the removal of water in the 
inner-sphere of Eu(III) due to sorption, demonstrate that the formation of an inner-
sphere complex of Eu(III) with silanol groups at the silica surface is an important 
process in the initial reaction. A further decrease in the number of hydrated water 
molecules with time and the irreversibility of the Eu(III) sorption suggest a new phase 
incorporating Eu(III) and Si(IV) formed at the silica surface. The presence of Eu(III) 
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greatly promoted the dissolution of silica, which indicated that Eu(III) was effectively 
hydrolyzing the Si-O-Si bonds (73). 
 
Adsorption of Eu(III) on a heterogeneous surface studied by time-resolved laser 
fluorescence microscopy was done by Ishida et al. (74). Different adsorption species of 
Eu(III) were observed on the Makabe granite surface and its constituents (biotite, 
plagioclase, potassium feldspar, and quartz). They showed that Eu(III) heterogeneously 
adsorbed on biotite, plagioclase, and quartz and homogeneously on potassium feldspar. 
It was also revealed that single species of Eu(III) were observed on biotite and two 
species on plagioclase and potassium feldspar. The adsorption of Eu(III) on the granite 
surface was highly heterogeneous. Comparing with the fluorescence decay histograms 
of the mineral constituents, Eu(III) clearly adsorbed on the feldspar family. It was also 
found that Eu(III) adsorbed as an outer-sphere complex and on an altered mineral in the 
granite. 
 
 
Palágy, et al.  (in 2009) (75), conducted migration experiments concerning the sorption 
of 
137
Cs and 
152,154
Eu in columns of crushed crystalline rocks of 0.25-0.8 mm grain size 
under dynamic. Desorption experiments were carried out with 2:1(v/v) mixture of 
H2SO4 and HNO3. In the columns the longitudinal distribution of the residual 
137
Cs and 
152,154
Eu activities were also determined. By the evaluation of respective breakthrough 
and displacement curves, the experimental and theoretical retardation factors, 
distribution coefficients and hydrodynamic dispersion coefficients were determined 
using the integrated analytical form of a simple advection-dispersion equation (ADE). 
Dynamic sorption experiments were also compared with the results of static sorption 
experiments (75). Kd values were obtained for static and dynamic sorption experiments. 
For the static experiments, a Kd value of 246 ml g
-1
 was obtained, while for dynamic 
sorption experiments, Kd > 189 ml g
-1
 was obtained for granite. 
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Chapter 2 
Experimentation 
 
 
2.1 Materials 
 
Analytical grade water with purity up to 18.2 MΩ produced from a Barnstead 
NANOpure water purification system was used throughout.  Analytical grade NiCl2, 
EuCl3, BaCl2, MgSO4, NaCl and Na2CO3, were supplied from, Sigma Aldrich as 
anhydrous, powder with, 99.99% trace metals basis. NaOH  ≥ 98%, anhydrous pellets, 
HCl 37%, ICP multi-element standard, triethanolamine, was supplied by Sigma Aldrich. 
All radioactive isotopes were provided by the Radiochemistry Laboratory at 
Loughborough University. They include; 
63
Ni, 
152
Eu, 
90
Sr, 
85
Sr, 
35
S, 
99
Tc, 
137
Cs, 
125
I, 
45
Ca, 
109
Cd supplied from Eckert and Ziegler Isotopes Products Valencia California, 
with original activity at 74 MBq. Sample separations were performed by filtration using 
Whatman filters (0.2 μm) and by centrifugation at 6000 rpm for 30 min. The liquid 
scintillation cocktail used was Goldstar (Meridian, Surrey, UK). All rock and mineral 
samples were supplied by UK Geologist Equipment as intact samples as listed below. 
Rock beakers were provided by the British Geological Survey (BGS) formed from 
Weardale Granite. 
 
Table 2.1 Geological samples used in experiments. 
Graphic Granite (GG) Norway 
Granite Adamellite (GA) Cumbria-England 
Biotite Granite (BG) Scotland 
Grey Granite (GrG) Scotland 
Rapakivi Granite (RG) Finland 
Rose Quartz (RQ) South Africa 
Milky Quartz (MQ) UK 
Biotite Mica (BM) Norway 
Muscovite Mica (MM) Norway 
Orthoclase Feldspar (OF) Norway 
Plagioclase Feldspar(PF) Norway 
Weardale Granite (WG) UK 
2.1.1 Main radionuclides used 
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Sorption properties of 
63
Ni and 
152
Eu as representative members of di- and trivalent 
elements were studied. Batch sorption experiments were performed with Ni, and Eu, in 
different experimental settings. However, the other radionuclides have been used in the 
work on method development using storage phosphor imaging plates in digital 
autoradiography. 
 
2.1.1.1 Nickel 
 
The isotope 
63
Ni is an artificial radionuclide. The presence of 
63
Ni in the environment 
results mainly from activities such as; nuclear weapon tests, radioactive effluents from 
nuclear installations and accidental releases from nuclear power plants (e.g. Chernobyl) 
(19). 
63
Ni is formed by neutron capture of stable 
62
Ni. 
63Ni is a β-emitter with a half-life 
of 100.1 years (76). Naturally occurring nickel is composed of 5 stable isotopes; 
58
Ni, 
60
Ni, 
61
Ni, 
62
Ni and 
64
Ni, with 
58
Ni being the most abundant (68.077 % natural 
abundance). 18 radioisotopes have been characterised with the most stable being 
59
Ni 
with a half-life of 76,000 years (decay mode is by electron capture to 
59
Co and decay 
energy of 1072 MeV), 
63
Ni with a half-life of 100.1 years, and 
56
Ni with a half-life of 
6.077 days. All of the remaining radioactive isotopes have half-lives that are less than 
60 hours and the majority of these have half-lives that are less than 30 seconds.  
 
63
Ni is a beta-emitting radionuclide of Emax = 67 keV. It exists in the coolant water of 
nuclear power reactors and is formed by neutron capture of nickel released from steel 
piping and so on due to corrosion.  
 
62
Ni + 
1n→ 63Ni neutron capture process (6.80 MeV) (77) 
63Ni→ 
It is included in the list of low-level long-lived radioactive waste from nuclear power 
reactors (78). Nickel can be transported as particles released into the atmosphere or as 
dissolved compounds in natural waters (79). 
 
63
Cu   decay energy = 0.067 MeV 
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Table 2.2: Radioactive properties of key Ni isotopes, showing the different decay modes and 
energies (80). 
Isotope 
Half-Life 
(yr) 
Decay Mode 
Radiation Energy (eV) 
Alpha (α) Beta (β) Gamma (γ) 
59
Ni 75,000 EC - 4600  
63
Ni 100 β - 17000 - 
EC =electron capture, GBq = Giga Becquerel, g = gram, and eV = electron volts; a 
dash means the entry is not applicable. 
 Values from Argonne National Laboratory, Human health fact sheet of 2005 (80) 
 
2.1.1.2 Europium 
 
152
Eu, 
154
Eu, and 
155
Eu are produced primarily as fission products from fissile nuclides 
such as 
235
U, 
152
Eu can also be produced by neutron activation of nuclear reactor control 
rods. 
151
Eu + 
1n → 152Eu neutron capture process 
 
 
152
Eu 
 
 
 
151
Eu is a naturally occurring isotope and used in the control of fission reactions, due to 
its ability to accommodate neutrons. The associated gamma energies (in keV) and yields 
for 
152
Eu are 121.78 (0.284), 244.7 (0.07), 344.28 (0.266), 778.91 (0.1296), 964.13                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                        
(0.143), 1085.8 (0.10), 1112.12 (0.1355), 1408.0 (0.2087). 
Table 2.3 Selected isotopes of Eu showing decay modes and decay products with energies (24) 
Isotopes of europium 
Isotope Natural Half-life Decay Decay energy Decay 
152
Sm   72.1 %, 1874 MeV 
152
Gd   27.9 %, 1818 MeV 
e 
β- 
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abundance years mode MeV product 
150
Eu synthetic 36.9 e-capture 2.26 
150
Sm 
151
Eu 47.8% 5 × 10
18 
  α  147Pm 
152
Eu synthetic 
 
13.51  
e-capture 1.87 
152
Sm 
β- 1.81 152Gd 
153
Eu 52.2% Eu is stable with 90 neutrons 
 
 
Trace amounts of 
152
Eu, 
154
Eu, and 
155
Eu are present in soil around the globe from 
radioactive fallout. They can also be present at certain nuclear facilities, such as reactors 
and spent fuel reprocessing plants. Europium is generally one of the more immobile 
radioactive metals in the environment. It preferentially adheres fairly strongly to soil 
(80). The importance of 
152
Eu and 
154
Eu is due to their relatively long half-lives for 
fission products, of 13.5 and 8.8 years, respectively. Due to behavioural similarities of 
the 4f-orbital lanthanides with some of the 5f-orbital actinides, Eu is often used as an 
analogue for the studies of trivalent actinides such as Am
3+
, Cm
3+
 (81).  
 
2.2 Instrument specifications and uses 
 
 Packard TRI-CARB 2750 TR/LL Liquid Scintillation Counter: Used for Ni 
sorption studies, counting from 0 to 67 keV to 2σ (i.e. 95 % of the counts fall 
within the confidence interval) for 20 min, and for measurements of calibration 
standards for the work on autoradiography. One powerful technique in 
radionuclide detection is Liquid Scintillation Counting (LSC). Although the 
technique is sensitive to alpha and, to a lesser extent, gamma emitting 
radionuclides, LSC is most extensively used for the determination of beta-
emitters. The main advantage of LSC as compared to solid state detectors is its 
high-detection efficiency, and ability to detect low-energy beta emitters. 
However, as with any spectrometric technique used for beta assay, only limited 
spectral information is obtained as beta energy spectra are continuous from zero 
to the maximum energy value (82). 
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 Jenway pH meter and probe, Thermo electron corporation Fischer, 
Loughborough: Used for pH measurements for all solutions, calibrated using 
standards for pH 4, 7 and 10 with calibration slope of ≥ 98 % at the start of 
every experiment. 
 Packard Cobra II Auto Gamma: Used for gamma-emission counting, this unit 
allows selection of counting windows and automated sample counting through 
its built-in software. Used for 
152
Eu analysis (0 to 1500 keV) and for other 
gamma emitters. (Peaks and yields are shown in section 2.1.1.2) 
 Amersham Biosciences Storm 820 Digital Autoradiography System with 
selectable resolutions of 50, 100 and 200 m: Scans the plates and converts 
stored radiation into digital format. 
 Storage Phosphor Imaging Plates BAS-IP MS2325 with a detection area of 23 x 
25 cm
2
. Produced by Fuji Photo Film Co. Ltd, sensitive to x-rays, alpha, beta, 
gamma radiation. The imaging plate (IP) is protected from radioactive 
contamination by a durable cellulose acetate overlay covering the phosphor 
layer.  
 ICP-OES Thermo Scientific, iCPA 6000 Series ICP spectrometer, operating at 
RF power of 1150 W, pump rate of 50 rpm, with auxiliary and nebulizer gas 
flow of 0.5 dm
3
 min
-1
, coolant gas flow at 12 dm
3
 and normal purge gas flow. 
Operation conditions: Plasma view was set at auto, with a flush time of 30 s and 
3 repeats for each measurement. Nebuliser flow was 0.5 dm
3
 min
-1
 and auxiliary 
gas flow at 0.5 dm
3
 min
-1
. Wavelength selection was done automatically, while 
checking for the degree of interference from other elements 
 TriStar 3000 V6.05 A, Serial number 1556, used for surface area analysis by 
adsorption of Ni gas, and applying the Langmuir model operation at 77 K and 
one gram of pulverised sample. 
 Metrohm 857 Titrando auto-titrator, coupled with Metrohm 6.0258.010 pH 
probe and Metrohm 800 Dosino dosimeter, used for the determination of proton 
exchange capacity (PEC), which served as input parameter for surface 
complexation modelling with JChess geochemical code (35). Potentiometric 
titrations were carried out using 2 M NaOH (NaOH pellets ≤ 1.0 % sodium 
carbonate supplied from Sigma Aldrich. Purification of the NaOH was carried 
out by filtration, which removes any insoluble carbonate. 
 
 
60 
 
 FIE QUANTA 600 Environmental scanning electron microscope, coupled with 
Oxford Instrument-INCA450, were used in energy dispersive X-ray 
microanalysis, using a 50 mm2 silicon drift detector (SDD) capable of detecting 
metals from B to U. An INCA wavelength of 700 nm was used. The detector 
applied was a solid state 2 diode type, for the back scatter electrons in a low 
pressure mode (0.98 torr of water vapour) with a specimen current of 0.98 nA  
 
2.3 Experimental Procedures 
 
Sorption phenomena that took place over a period of less than one year were 
considered. During this time both fast reactions that involve oxidation-reduction 
reactions and physical diffusion into the micropores of the sorbents can be observed, 
and long-term processes such as weathering of the solid phase and the re-distribution of 
the sorbed species have yet to occur (10), as such it can be assumed that the 
physicochemical nature of the rock particles remained the same during this time. 
 
2.3.1 Preparation of 
63
Ni and 
152
Eu spike solutions 
 
An original 
63
Ni stock solution of known activity (stock number 926, 1 cm
3 
of 1.1 MBq 
of activity) was provided in the Radiochemistry laboratory of the University (High 
Level Lab). From this stock 10 μL were pipetted, using a 50 μL pipette, into a 10 cm3 
volumetric flask, and deionised water added to the 10 cm
3
 mark. After shaking the 
solution was kept for 24 h to equilibrate. This formed a new working stock (926-J). The 
activity of the stock solution was adjusted to 20 kBq cm
-3
, so that 0.1 cm
3
 of the spike 
solution gave approximately 1200 counts min
-1
. Upon adding the spike the vials were 
allowed to shake for between 5 to 7 days. The supernatant, 1 cm
3
 was mixed with 10 
cm
3
 of scintillation cocktail (High Flash-point, Universal LSC cocktail) and samples 
counted in a Tri Carb liquid scintillation counter. The counts for 0.1 cm
3
 of the new 
stock were taken as counts for the standards to which other measurements were 
compared. The standard was counted for every set of experiments in order to present the 
same set of experimental conditions for the standard and the actual samples.  
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152
Eu spike solutions were prepared from dilutions of an initial 1cm
3 
of 37 MBq stock. 
The diluted solutions provided experimental stock giving final gamma counts of 
approximately 1000 counts per second in each experimental sample. Counting was 
performed using a Cobra II Auto Gamma within an energy range of 0 to 1500 keV, 
without the using cocktail. The above procedure was repeated as necessary, based on 
experimental requirements. As Eu has a life of 4933 years, decay corrections was not 
required, over the comparatively short experimental period.  
Background corrections to the measured counts were made by counting blank samples 
without added radioactivity. The measured value for the blank sample (sample without 
added radioactivity mixed with liquid scintillation cocktail) is then subtracted from the 
measured counts of the sample. Corrections for wall and filter sorption were made by 
washing the filters and vials with nitric acid. The solution with the leached metal was 
counted. The results obtained from filter sorption were less than 1 % of the total counts 
of the sample for experiments with Ni and ca 5 % for experiments with Eu. 
 
2.3.2 Sorption-Desorption experiments with 
63
Ni and 
152
Eu at constant pH 
 
All rock and mineral samples were supplied by UK Geologist Equipment as intact 
samples. Samples were crushed and pulverised using a ball mill and sieved to obtain a 
particle size range of 46 to 250 µm. 0.1 g of the pulverised samples were mixed with 20 
cm
3
 of non active NiCl2 solution. Three replicates each of varying concentration (1 x 10
-
14 
to 1 x 10
-4
 mol dm
-3
) of Ni
2+
 were prepared. 
63
Ni stock solution was prepared and 
allowed to equilibrate over 24 h the activity of the solution was diluted to 0.2 kBq cm
-3
 
so that 0.1 cm
3
 of the spike solution should give approximately 1200 counts min
-1
. 
Upon adding the spike the vials were allowed to shake for ca. 7 days. One cm
3
 of the 
supernatant was mixed with 10 cm
3
 of scintillation cocktail (High Flash-point, 
Universal LSC cocktail) and samples counted in a TriCarb liquid scintillation counter. 
Sample separation was performed by centrifugation at 6000 rpm for 30 min. The 
separated sample was mixed with 20 cm
3
 of DI water and allowed to shake for between 
5 and 7 days, upon which one cm
3
 of the supernatant was filtered and counted in the 
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energy range of 0 to 67 keV at 2σ at a counting time of 20 min per sample. Three 
replicates of each stable Ni solution at each concentration were prepared. Vials 
containing stable Ni
2+
 solutions were also prepared and counted for background 
corrections. The same process was repeated for experiments with Eu. For desorption 
experiments, the sample vials were centrifuged at 6000 rpm for 1 hour, and the 
supernatant discarded. DI water was added into the vials and allowed to equilibrate for 5 
days after which separation and counting were performed as described in the sorption 
process. All experiments were performed within the equilibration pH of ca. 7.5. 
 
2.3.3 pH dependent sorption of 
63
Ni and 
152
Eu at constant metal concentration 
 
For pH dependent sorption, 1 x 10
-5
 mol dm
-3
 solutions of NiCl2 and EuCl3 were 
prepared, and the pH was adjusted from 4 to 11, with intervals of 0.6 to 0.8 on the pH 
scale using NaOH(aq) and HCl(aq). Different concentrations of pH adjusting solutions 
were made from very weak to very strong acid or base. This was important, so as to be 
able to vary the pH without significantly altering the concentration of the Ni or Eu 
solution. To move the pH to a lower pH value of about 4, a strong acid was preferred 
since very little volume of the acid was required thus, minimising the impact on the 
overall concentration of the solution. 0.1 g of every sample were weighed into a  
20 cm
3
 vial and 20 cm
3
 of pH adjusted solutions added. 0.1 cm
3
 of spike solution were 
added. After shaking the batch was allowed to equilibrate over a period of 5 to 7 days. 
The effect of ionic strength was investigated by the addition of different amounts of 
NaCl in the bulk NiCl2 and EuCl3 solutions to give ionic strengths of 0.05 and 0.1 mol 
dm
-3 
NaCl solutions. Sample separation was performed as described above and counting 
was performed for Ni using the scintillation counter while for Eu counting was 
performed based on its gamma emitting properties using Cobra II Auto Gamma.  
 
2.3.4 Effect of carbonate on Eu sorption to granitic materials 
 
Experiments were carried out in various carbonate concentrations to investigate the first 
and second order kinetics of Eu sorption to granitic rocks and minerals. 
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2.3.4.1 Eu speciation carbonate-free system 
 
JChess geochemical code (speciation programme) by Ecole de Mines de Paris France 
provided by the Department of Chemistry was used to study the variation of Eu species 
in solution in the absence of any complexing agents such as carbonate. Figure 2.1 shows 
the main species in solution between pH of 7 and 9. The pH range 7 to 9 was selected 
because the measured equilibration pH of rocks in solution is in this range as shown in 
table 2.4, showing the equilibration pHs for different rocks and minerals.  
 
Figure 2.1: Eu speciation in DI water as calculated using JChess, geochemical code using the 
default JChess database, taking a cut off concentration of 1 x 10
-14
 mol dm
-3
 for species to 
be considered. (35) 
 
 
2.3.4.2  Eu speciation in low carbonate system 
 
Eu speciation in the presence of very low concentrations of NaHCO3 gave 18 different 
species of Eu, with some of the species appearing as carbonate complexes of Eu as 
shown in figure 2.2. Taking a cut off concentration point at 1 x 10
-14
 mol dm
-3
 for the 
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sake of clarity, removed from the speciation plots those species with aqueous 
concentrations below 1 x 10
-14
 mol dm
-3
. 
 
Figure 2.2: Eu speciation in low carbonate system as calculated using JChess, geochemical code, 
taking a cut-off concentration of 1 x 10
-14
 mol dm
-3
 for species to be considered. (35)
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2.3.4.3  Eu speciation in high carbonate system 
Figure 2.3: Eu speciation in high carbonate system as calculated using JChess, geochemical code. 
Taking a cut-off concentration of 1 x 10
-14
 mol dm
-3
 for species to be considered. (35) 
 
At high concentrations of carbonate in the system the speciation was much different 
from speciation in no and low concentration of carbonate. Figure 2.3 shows the different 
major species after a cut off point of 1 x 10
-14
 mol dm
-3
. Within pH range 8 to 12, major 
species such as EuOH(CO3)2
2-
(aq) and Eu(OH)2CO3
-
(aq)
 
were dominant as compared to 
low and carbonate  free solutions.  
Table 2.4: Equilibration pH measurements in different carbonate systems 
Sample Carbonate free 
Low carbonate 
1.0 x 10
-6
 mol dm
-3
 
High carbonate 
2.0 x 10
-2
 mol dm
-3
 
Biotite Granite (BG) 8.2 8.7 9.5 
Grey Granite (GrG) 8.4 8.5 9.5 
Rapakivi Granite (RG) 8.1 8.3 9.5 
Rose Quartz (RQ) 6.0 8.3 9.5 
Orthoclase Feldspar (OF) 7.5 9.5 9.5 
Muscovite Mica (MM) 7.7 8.8 9.5 
The difference between carbonate free and low carbonate system in highlighted by the speciation of Eu in solution, at pH >12 
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pH values were measured during the sorption process, to observe any changes in pH 
that could affect the sorption process, as sorption is pH dependent. From observations in 
table 2.4, it can be seen that the observed pH was in the range 7 to 10. This was within 
the pH range considered in the speciation of Eu in all three systems. 
 
2.2.4.4 Experimental set-up 
 
The main constituents of silica-rich rock types such as granite are quartz, feldspars, and 
biotite (4). The sorption properties of the intact rock will obviously depend on the 
constituents of the different individual components of the rock. Biotite Granite (BG), 
Muscovite Mica (BM), Orthoclase Feldspar (OF) and Rose Quartz (RQ) were used. The 
adsorbents were first reduced in size. The size reduction was necessary for the 
performance of batch equilibrium experiments because sorption capacity is proportional 
to the total surface area available and the total surface area of non-porous particles is 
inversely proportional to the particle diameter (1). In addition the kinetics of processes 
controlled by diffusion in porous particles is directly related to particle size. Smaller 
adsorbents will therefore require shorter equilibration times if any porosity was present 
(1), (83). Samples were crushed and pulverised using a ball mill and sieved to obtain a 
particle size range of 46 to 250 μm. 0.2 g of the pulverised samples were mixed with 40 
cm
3
 of non-active research-grade EuCl3 solution (Aldrich), giving a solid-liquid ratio of 
1:200. Experiments with 
152
Eu  were analysed using the Cobra (II) Auto Gamma 
counting between 100 to 1500 keV at 2 sigma. 1 x 10
-5
 mol dm
-3
 solutions of EuCl3 
were prepared. Different amounts of carbonate were added into the solution to give 
carbonate concentrations of 1 x 10
-2
 and 1 x 10
-6
 mol dm
-3
 for high carbonate (HC) and 
low carbonate (LC) systems respectively. These two sets of solutions were referred to as 
‘high and low carbonate’ solutions in this work. In one set of experiments no carbonate 
was added, and this is described as the ‘no carbonate’ solution. Different reactor vials 
were prepared for each sampling time. Three replicates of each sampling time were 
prepared. After equilibrating for the required time, two cm
3
 of the supernatant were 
removed.  Blank samples with no solids were also prepared. 
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2.3.5 Multi-element sorption behaviour of Eu and Ni on Granitic Rocks and 
minerals 
 
Grey Granite (GrG), Granite Adamellite (GA), Rapakivi Granite (RG), Biotite Mica 
(BM), Orthoclase Feldspar (OF) and Rose Quartz (RQ) were used. The adsorbents were 
first reduced in size. Samples were crushed and pulverised using a ball mill and sieved 
to obtain a particle size range of 46 to 250 μm. 0.2 g of the pulverised samples were 
mixed with 40 cm
3
 of non-active research-grade NiCl2 solution (Aldrich), giving a 
solid-liquid ratio of 1:200.This was performed for experiments for Ni sorption. Three 
replicates of varying concentrations (1 x 10
-13
 to 1 x 10
-4
 mol dm
-3
) of Ni
2+
 were 
prepared and spiked with 
63
Ni to give an activity of 25.3 kBq per 40 cm
3
 reaction vial. 
After adding the spike the vials were shaken for between 5 to 7 days to reach 
equilibrium. 1 cm
3
 of the supernatant was removed, filtered and mixed with 10 cm
3
 of 
High Flash-point Universal liquid scintillation cocktail and the samples counted in a 
TriCarb liquid scintillation counter after light adjustment. Control samples were taken 
to correct for wall and filter sorption, both of which were found to be negligible. All 
experiments were conducted at ambient laboratory temperature. The equilibration pH of 
the solid-solution mixture was found to be ca. 7.5. 
 
For experiments in which 
152
Eu and 
63
Ni were competing for the sorption sites, 
63
Ni was 
counted as described above, while Eu was analysed using the Cobra (II) Auto gamma 
counting between 100 to 1500 keV at 2 sigma. In analysing Ni as described above in a 
system of both Ni and Eu, it was important that the Eu did not influence the counts for 
63
Ni. This was possible because upon analysis of the mixed system for Eu, it was found 
that the counts were mostly background, (230 to 250 counts per minute-CPM). The 
implication was that upon corrections for wall sorption most of the Eu was removed 
from solution. Thus, it was possible to analyse the 
63
Ni neglecting the effect of Eu. The 
activities of both Eu and Ni were adjusted to 5.3 kBq per 40 cm
3
 so that one cm
3
 of the 
supernatant will give 8000 cpm for gamma and beta counting. The concentration of 
inactive Eu and Ni was also adjusted to be the same as that used in a single element 
system. The experiments were allowed to equilibrate for 7 to 10 days. 
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Separation of the supernatant was carried out by centrifugation for one hour at  
6000 rpm. 20 cm
3
 of DI water were added and solution allowed to shake for 7 days 
upon which 1 cm
3
 of the supernatant was analysed for the amount of Ni or Eu desorbed. 
The equilibration pH of each vial was measured and a mean value of ca. 7.5 was 
calculated. 
 
2.3.5.1 Radionuclide speciation in solution 
 
Metal speciation is an important parameter during the sorption process, as changes in 
pH and the presence of other chemical species can result in changes to the speciation of 
the metal studied. JChess (35) speciation software indicated that Ni
2+
 was the 
predominant species in solution over the concentration range of 1 x 10
-4
 to  
1 x 10
-14
 mol dm
-3
. Between the pH of 6.0 to 7.5 considered during the sorption process, 
the major Eu species were Eu2(OH)2
4+
 and Eu
3+
 in the absence of carbonate. The high 
positive charge on both species plays an important role for Eu sorption to negatively 
charged surfaces in solution. 
 
Figure 2.4: Variation of Ni and Eu species in solution as calculated by the JChess geochemical code, 
at cut off concentration of 1 x 10
-14
 mol dm
-3
 (35). 
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2.3.6 Cation exchange studies 
 
Two ways of measuring cation exchange capacity were studied, utilising rock beakers. 
The rock beakers were designed at BGS using Biotite Mica, Muscovite Mica and 
Weardale Granite. The beakers were designed to prevent any solution leaks from the 
sides. This was done by cutting the granite based to fit in the base of the cylinder 
followed by further sealing with silicone (figure 2.5). The geometrical diameter of the 
surface of the rock was 7.0 cm. The rock beakers together with the powered samples 
were used in cation exchange experiments. There are several methods used in the study 
of CEC, however, the Bascomb method is the preferred method by the BGS (84). This 
method is used because it avoids the variation of pH which can lead to dissolution of the 
solid. In recognition of this, the solution is buffered at pH of 8.1 as described below 
(49). Graphic Granite (GG), Granite Adamellite (GA), Grey Granite (GrG), Weardale 
Granite, Plagioclase Feldspar (PF), Milky Quartz (MQ), and Muscovite Mica (MM) 
have been used as crushed samples. Weardale Granite, biotite and Muscovite Mica were 
used to form the rock beakers.  
 
2.3.7.1 The reagents 
 
1) 2 mol dm-3 barium chloride solution: 488 g of BaCl2∙2H2O were weighed diluted 
to 2000 cm
3
 with additional MQ water (obtained from Milli-Q Purification 
System) 
2) 90 cm3 triethanolamine solution were dissolved in a beaker in 1000 cm3 of 
distilled water. Approximately 130 to 140 cm
3
 of 2 mol dm
-3
 HCl were added to 
the solution while a pH probe was immersed in it. The pH is carefully adjusted 
to 8.10 and then the solution is diluted to 2000 cm
3
 with additional MQ water. 
3) Equal volumes of reagent from the previous two solutions were mixed together 
in a polythene bottle. 
4) 6.20 g of MgSO4∙7H2O were dissolved into 1000 cm
3
 with deionised water a 
1000 cm
3
.  
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2.3.7.2 Experimental procedure 
 
1 ± 0.01 g of every sample (powder) was measured into 50 cm
3
 centrifuge tubes 
(centrifuged tubes were used in order to minimise solute and solution losses if 
experiments were carried in volumetric flasks). Masses of the tubes before and after 
samples were placed, were recorded. 20 cm
3
 of the buffered reagent were added to each 
tube. All the bottles were shaken for 10 minutes. Centrifugation was performed for 10 
min at 3000 x g. The supernatant was collected (Ba wash 1). 40 cm
3
 ± 1 cm
3
of the 
buffered reagent were measured and added to the filtrate in each centrifuge tube. The 
tubes were shaken for 2 hours and allowed to stand overnight. The supernatant after 
centrifugation was collected and this formed Ba wash 2. The supernatants were 
analysed for cations displaced by the barium. A small quantity of the buffered reagent 
was collected as a blank for the first part of the experiment. 40 cm
3
 of deionised water 
were added to each tube and shaken for 10 minutes to remove any free BaCl2 in the 
filtrate and the supernatant was discarded. 45 cm
3
 of MgSO4 solution were pipetted into 
each centrifuge tube. Tubes were shaken for 2 h and centrifuged at 3000 x g for 10 
minutes. The supernatant was collected for analysis of the displaced barium. A small 
quantity of MgSO4 solution was collected as a blank for the second part of the 
experiment. Three replicates of each sample were made. The same procedure was 
carried out with experiments with the rock beakers. 
  
 
A 
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Figure 2.5: A and B show rock beakers with surface area of 3.8 x 10
-3
 m
2 
for Muscovite Mica, 
Biotite Mica, and Weardale Granite. The inner surface area assumed to be equal to the net 
surface area involved in cation exchange reactions with the solution. 
 
 
2.3.7 Method development: differentiation of mixed radionuclides in geological 
materials by digital autoradiography 
 
Using the storage phosphor imaging plates to differentiate and quantify a mixed system 
of radionuclides required the activity to be contained in a defined position on the plate. 
Small wells of 7 mm in diameter and 5 mm in depth were drilled on a Perspex glass 
block. The walls and bottom of the wells were polished to avoid the content of the wells 
sticking to the walls. The wells provided a fixed surface area and also to confine the 
radioactive solution in a limited space. A small amount (about 0.01 g) of pulverised 
quartz mineral was placed into every well and a few drops of water added so that the 
content of the well formed a thin layer in the well after drying. A thin layer was 
important to avoid absorption of the radiation. Different activities for 10 different 
radionuclides (0.5 to 5 Bq) were measured using liquid scintillation and gamma 
counting. Measured amounts of activity for each radioelement were placed in each well 
using a 0.1 cm
3
 pipette. The wells were then allowed to dry slowly, allowing the water 
to evaporate, leaving behind the radioactivity on the thin layer of pulverised quartz in 
B 
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the well. Each block of Perspex glass block had 30 wells, and a total of 5 glass blocks 
gave 150 wells which made it easy for multiple analyses of different radionuclides 
simultaneously. 
 
Mylar films were placed on the Perspex blocks depending on the amount of shielding 
that was desired (1, 4, 8, 12 and 16 Mylar films), to provide different levels of shielding 
from the radioactivity in the well from the SPIP. Storage phosphor imaging plates SPIP 
(manufactured by Fuji) were placed on a fluorescent lamp for about 1 hour to zero the 
plates. This process is important because it allows any excited atoms on the phosphors 
to return to ground state and to avoid any latent images that might be formed. The SPIP 
were then placed on the Perspex blocks and kept for a total exposure time of 48 hours. 
All exposures were in the dark. After exposure, the plates were scanned with the 
STORM
TM
 860 Scanner system, provided by the British Geological Survey. The data 
from the scanned plates were analysed using the Image quant software provide by BGS 
Figure 2.6 is a schematic for the experimental process. 
 
Table 2.5: Radionuclides used. Provided by Loughborough University Radiochemistry Laboratory 
Radionuclide Decay type Products Decay energy (MeV) Half life (Years) 
125
I Electron capture 
125
Te 0.186  
85
Sr Electron capture 
85
Rb 1.065 64.84 days 
137
Cs Beta 
137
Ba 1.176 13.537 
152
Eu Electron capture 
Beta 
152
Sm (72.10%) 
152
Gd (27.90 %) 
1.874 
1.818 
13.537 
109
Cd Electron capture 
109
Ag 0.214 462.6 days 
45
Ca Beta 
45
Sc 0.257 162.61 days 
35
S Beta 
35
Cl 0.167 87.51days 
63
Ni Beta 
63
Cu 0.067 100.1 
99
Tc Beta  
99
Ru 0.294 2.1 x 10
5
 
90
Sr Beta 
90
Y 0.546 28.78 
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•Thin layer of substrate in  
wells
•Determined activity is placed 
into the wells
•Allowed to dry slowly
•Shielding material is placed 
•Plates are zeroed
•Exposure to plates at a
calculated exposure time
STORMTM 860 Scanner system
Data extraction and Analysis. 
With help of Imagequant 
software
Reuse of plates
 
Figure 2.6: Schematic showing the different steps involved in the use of storage phosphor plates and 
the storm scanner system. The schematic shows a closed system in which plates can be 
reused after scanning. 
 
2.3.8 Error sources and propagation 
 
Whilst undertaking the analyses of all data contained in this thesis, a critical analysis of 
the associated errors has been carried out. In an attempt to correctly generate data with 
as little interference from errors as possible, the following steps were introduced. 
 In the experiments all samples were prepared identically and where possible, 
prepared, equilibrated and sampled at the same time. 
 One major source of error in the experimental work was the measurement of 
trace elemental concentrations. To reduce this error associated with trace 
elemental concentrations, metal stock solutions were prepared and the amount of 
metal associated with a known weight of solution determined prior to sample 
preparation using its measure average activity and inputting this on the decay. 
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 Counting conditions for both gamma counting and liquid scintillation counting 
were set at 2σ. For each sample set a control value was determined. 
 One source of error associated with the work on autoradiography was the loss of 
intensity of the image after exposure to the radioactive source. This loss of 
intensity resulted from the time lag between removal of plates from radioactive 
source at Loughborough University and scanning of the plates at BGS. This 
error was minimised by taking the plates for scanning immediately they were 
removed from the radioactive source. 
Different approaches and formulae have been used to compute the standard deviations 
for parameters resulting from two or more experimental data as shown below. 
 
Where a, b and c are experimental variables whose standard deviations are sa, sb, and sc 
respectively (85). 
 
2.4 Characterisation of Granite samples  
 
The mineralogical compositions of the different granitic rocks used in this thesis were 
characterised at the XRD laboratory of the British Geological Survey (86). A 
representative ca.25 g sub-sample of each ground sample was removed for clay mineral 
analysis. The remaining material was tema-milled to < 125 μm in the BGS Sample 
Preparation Facility.  
 
To provide a finer and uniform particle-size for powder XRD analysis, a 4.5 g portion 
of each tema-milled sample was micronised (size reduction to a few micrometers) under 
deionised water for 10 minutes with 10 % (0.5 g) corundum (American Elements - 
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PN:AL-OY-03-P). The addition of an internal standard allows to validate quantification 
results and also to detect any amorphous species present in the samples. 
 
Corundum was selected as its main XRD peaks were suitably remote from those 
produced by most of the phases present in the samples. The samples were then spray-
dried following the method and apparatus described by Hillier (87). The spray-dried 
materials were then frontloaded into a standard stainless steel sample holders for 
analysis. 
 
 
XRD analysis was carried out using a PANalytical X’Pert Pro series diffractometer 
equipped with a cobalt-target tube, X’Celerator detector and operated at 45kV and 
40mA. Following identification of the mineral species present in the samples, mineral 
quantification was achieved using the Rietveld refinement technique (88), using 
PANalytical Highscore Plus software. This method avoids the need to produce synthetic 
mixtures and involves the least squares fitting of measured to calculated XRD profiles 
using a crystal structure databank. 
 
2.4.1 XRD results for the different granitic rocks 
 
The results of quantitative powder XRD analyses are summarised in table 2.5. Powder 
X-ray diffraction analysis indicated that the five granites had approximately similar 
mineralogies and were predominantly composed of quartz (mean ca.33%), plagioclase 
feldspar (mean ca.31%) and K-feldspar (mean ca.31%) together with small/trace 
amounts of ‘mica’ (undifferentiated mica species possibly including muscovite, biotite, 
illite, illite/smectite etc.). Small amounts of amphibole were also identified in the 
samples ‘Biotite granite’ and ‘Rapakivi granite’. Traces of chlorite, kaolinite and 
smectite were also identified in some of the samples. 
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Table 2.6 Summary of quantitative whole-rock XRD analysis 
Mineralogical percentage composition 
sample amphibole smectite chlorite kaolinite 
K-
feldspar 
‘mica’ plagioclase quartz 
Graphic 
Granite nd nd nd < 0.5 
49.4 0.5 21. 6 28.3 
Granite 
Adamellite nd < 0.5 < 0.5 nd 
32.9 3.1 25.7 38.1 
Biotite 
Granite 2.9 < 0.5 < 0.5 nd 
17.2 7.4 40.0 28.1 
Grey 
Granite nd nd < 0.5 nd 
22.6 4.3 34.4 38.6 
Rapakivi 
Granite 3.5 < 0.5 < 0.5 < 0.5 
32.1 1.6 29.2 33.3 
nd = not detected, ‘mica’ = undifferentiated mica species including muscovite, biotite, illite and illite/smectite etc (86) 
 
Further elemental characterisation and identification of the granite samples were carried 
out using energy dispersive spectroscopy. The elemental composition of elements 
present confirmed samples to be granites. 
 
 
Figure 2.7: Energy dispersive spectrum of the elemental composition of granite sample with high 
concentration of Si and O from FIE QUANTA 600 Environmental scanning electron 
microscope, coupled with Oxford Instrument-INCA450 
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Chapter 3 
152
Eu and 
63
Ni Sorption to Granitic rocks and minerals: 
Application of the Component Additive Model 
 
 
3.1 Introduction 
 
Migration mobility is influenced by sorption capacity and reversibility (28). One of the 
means by which sorption can occur is through cation exchange. Ion exchange reactions 
occur rapidly and reversibly for some cations, while mineralisation or fixation occurs 
slowly and irreversibly for others. Although many types of reactions occur in geologic 
systems, ion exchange is commonly considered as the predominant process (28). This 
chapter will focus on sorption processes in the far field, while desorption process are 
dealt with in chapter 4.  
 
3.2 Objectives 
 
The Rd concept when applied to describe the bulk sorption properties of granite can be 
very sensitive to the composition of heterogeneous samples. The overall bulk property 
may be expected to be the summation of the bulk properties of the individual minerals 
that make up the granite sample. The component additivity approach (44) is based on 
summing the adsorption by the individual component minerals of a soil or sediment to 
obtain a measure of the total sorption of the mixture. The summation can occur as the 
sum of results from thermodynamic surface speciation models or as the sum of pseudo-
thermodynamic models for adsorption on individual mineral phases. Pseudo-
thermodynamic models include models without electrostatic correction terms, 
sometimes called non-electrostatic models (NEMs). 
 
Thus, this chapter will test if the bulk Rd’ is a summation of the Rds of the individual 
minerals. Rd values were determined for different granitic rocks and minerals, and the 
component additive model (CAM) applied to the data. The CAM approach is based on 
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summing the adsorption by the individual component minerals of a soil or sediment to 
obtain a measure of the total adsorption of the mixture. The summation can occur as the 
sum of results for thermodynamic surface speciation models or as the sum of pseudo-
thermodynamic models for adsorption on individual mineral phases. Experimental data 
were fitted to different empirical models that best describe the sorption process. 
Sorption verification was done using energy dispersive microanalysis on Eu to identify 
hot spots on Eu on the granitic sample. 
 
3.3 The Langmuir model 
 
Application of the Langmuir model to sorption data is often done with the calculation of 
the favourability factor F (89) (also known as the separation factor (90) as shown below. 
 
F =     (3.1) 
 
Where k is the adsorption constant (dm
3
 mol
-1
), Ce is the amount in solution in mol     
dm
-3
. 
Table 3.1 Values depicting how the Langmuir models fits to sorption data. The Favourability factor 
can take different values, with each value pertaining to different sorption scenarios. 
Unfavourable = Langmuir model is invalid, Favourable = Langmuir model is valid. 
 
 
The separation factor (Favourability factor) is important in determining which model 
could be applied to sorption data collected from experiments. In cases where the 
Langmuir model is not applicable, other models such as the Freundlich can thus, be 
used. 
Value of F Type of adsorption 
F > 1.0 Unfavourable 
F = 1.0 Linear 
0 < F < 1.0 Favourable 
F = 0 Irreversible 
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3.4 Effect of surface area 
 
Sorption strongly depends on the specific surface areas of different materials. These 
vary significantly with different materials especially for heterogeneous substances such 
as granitic rocks. A methodology relating the surface area to the Rd has been adapted 
from Alonso et al. (91). The Rd calculated from static batch sorption is corrected for 
effective surface area to give Rd*. Rd* is defined as the Rd per surface area. 
*
 d
d
Measure R
R
Area
   (3.2) 
 
Rd* per surface area (cm
3
 g
-1
 m
-2
).  
 
BET surface areas used are mean values calculated from individual measurements for 
different granitic rocks and minerals. BET measurements for different samples are 
shown in appendix 2.  
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3.5 Results and discussion 
 
3.5.1 Modelling 
63
Ni sorption 
 
The distribution of trace concentrations of ionic species between solid and aqueous 
phases in groundwater is generally considered to be a linear relationship, with the 
process governed by the partition law. However, as the concentrations of ionic species 
in groundwater increase, the partition law becomes less valid in describing the 
distribution between the solid and the aqueous phases. Thus, different models such as 
those studied below are commonly used in order to take into consideration deviations 
that might be observed.    
 
3.5.1.1 
63
Ni sorption to granitic rocks and minerals-Langmuir model 
 
Batch sorption experiments with Graphic Granite (GG), Rapakivi Granite (RG), 
Orthoclase Feldspar (OF) and Plagioclase Feldspar (PF) were carried out with 0.1 g 
(particle size range of 46 to 250 µm) of the pulverised samples. The samples were 
mixed with 20 cm
3
 of non active NiCl2 solution with concentration varying from 1 x 10
-
13 
to 1 x 10
-4
 mol dm
-3
 spiked with 0.1 cm
3
 of active 
63
Ni
.
 After fitting the experimental 
data to different empirical models, the best fit sorption model was used in analysing the 
data. The best fit model is statistically determined as the root mean square value for a 
set of data. These values are shown as R
2 
in the different sorption parameter tables. 
 
Results showed that sorption occurred with saturation of sorption sites as figure 3.1 
shows. For PF, saturation was attained at a lower Ni concentration compared to GG, RG 
and OF. The results also showed high sorption capacity of some granitic rocks and 
minerals.  
 
Root mean square values were close to unity for the Langmuir model as the best fit 
(table 3.2)  
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Figure 3.1: Log-Log plot of Ni bound and free in solution, showing Ni distribution for Graphic and 
Rapakivi Granite and Orthoclase and Plagioclase Feldspar at constant pH ca. 8 and liquid 
solid ratio of 200:1, at rtp, equilibration time ca. 8 days. 
 
Saturation of sorption sites is evident from the decrease in Rd with metal loading above 
5 x 10
-7
 mol dm
-3
. At very low metal concentration the sorption isotherm is linear with 
constant Rd. The Rd drops at higher metal concentration. Figure 3.2 shows a plot of Rd 
as a function of metal concentration in solution. 
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Figure 3.2: Variation of Rd with increasing metal concentration, showing constancy in Rd at lower 
metal loading (Region in which the sorption is linear).  
 
Table 3.2 shows the sorption parameters, and Rd values corrected for surface area effect. 
The differences in the results for GG and RG can be due to the inherent difference in the 
constitution of the component minerals. However, taking into consideration the effect of 
surface area, Rd values were in the range 2 to 7 cm
3
 g
-1
 m
-2
 as shown in table 3.2. Based 
on the fact that most Rd values in literature are not quoted in terms of surface area, it is 
not possible to make comparisons. However, Ticknor (57) obtained Rd for granite from 
Lac du Bonnet batholith in Manitoba, using different synthetic groundwaters in the 
range 2.4 to 660 cm
3
 g
-1
. Application of equation 3.1 to the data obtained showed that 
the F factor was in the range 0 < F < 1. Thus, the results could best be modelled using 
the Langmurian model meaning that: 
1.  Adsorption occurs to the extent of a monolayer. 
2. All adsorption sites are equal. 
3. Occupation of a site is independent of the occupation of neighbouring site. 
4. The surface is uniform and homogeneous. 
5. The process is reversible (chapter 4 of this thesis).  
 
Table 3.2: Sorption parameters for 
63
Ni sorption to granitic rocks and minerals. Sorption described 
using the Langmurian model as shown in figure 3.1. 
Sample 
B 
(mol g
-1
) 
K 
(dm
-3
 meq
-1
) 
R
2
 
Mean Rd  ± SD (cm
3
 g
-1
) 
Rd* 
(cm
3
 g
-1
m
-2
) 
Graphic 
Granite-GG 
1.59 x 10
-5
 1.23 x 10
6
 
0.99 
17.2 ± 2.6  6.1 ± 0.9 
Rapakivi 
Granite-RG 
1.89 x 10
-5
 3. 57 x 10
5
 
0.98 
6.64 ± 0.85 2.3± 0.2 
Orthoclase 
Feldspar-OF 
1.46 x 10
-5
 4.15 x 10
5
 
0.98 
6.14 ± 1.0  4.0 ± 0.6 
Plagioclase 
Feldspar-PF 
5.6 x 10
-6
 4.5 x 10
5
 
0.98 
4.71 ± 0.79  2.5 ± 0.5 
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Rd* is obtained from corrections for effective surface area of the different samples. B is the Langmuir parameter also 
known as the adsorption capacity relating to the maximum amount of sorbable cations. This value is calculated using 
the gradient and the intercept of the linearised Langmuir equation. K is a measure of the binding strength for the 
sorption process. This relates to the strength with which the metal ions are held in a monolayer. (BET surface area 
measurements are shown in Appendix 2). SD is the standard deviation from 3 replicates. 
 
3.5.1.2 
63
Ni sorption to granitic rocks and minerals- The Linear Kd Model 
 
Certain sorption processes do occur with non-Langmurian behaviour (no saturation at 
the upper limit of the concentration range). These sorption processes are described by 
multi-site adsorption models such as the Linear Kd model. The slope of the straight lines 
derived from the isotherms gives an indication of the equilibrium constant (41). As 
compared to sorption by the Langmuir model (figure 3.1), Ni sorption to Grey Granite 
(GrG), Rose Quartz (RQ) and Milky Quartz (MQ) were best described by the Linear Kd 
model. This model assumes no upper limit to the amount bound for the concentration 
range studied. The mechanism is probably involves multilayer sorption, enhanced by 
the modification of sorption sites by already bound metal atoms thus, making possible 
the sorption of more metal ions in solution than if sorption was purely in a monolayer 
(36). 
 
y = 0.0198x 
R² = 0.98 
y = 0.026x 
R² = 0.99 
y = 37.32x 
R² = 0.99 
1.0E-11 
1.0E-09 
1.0E-07 
1.0E-05 
1.0E-11 1.0E-09 1.0E-07 1.0E-05 
N
i 
b
o
u
n
d
 (
m
o
l 
g
-1
) 
Ni free (mol dm-3) 
Sorption Isotherms for Ni sorption to RQ, MQ and GrG 
RQ MQ GrG 
 
 
84 
 
Figure 3.3: Log-Log plot of Ni bound and free in solution, showing Ni distribution for Grey 
Granite, and Rose and Milky Quartz and minerals at constant pH ca. 8 and liquid solid 
ratio of 200:1, at rtp, equilibrating ca. 8 days. 
 
Rd values of 0.02 cm
3
 g
-1
 and 0.026 cm
3
 g
-1
 were calculated for RQ and MQ 
respectively. Work done by Ticknor (57) concerning Ni sorption to different geologic 
materials using synthetic groundwaters as the background electrolyte gave Rd values for 
quartz between -0.20 and 3.6 cm
3
 g
-1
 for a particle size range of 106-180 microns. Thus, 
the results obtained in this work for quartz support the fact that quartz is low sorbing in 
synthetic groundwater and deionised water. A high Rd value (37 cm
3
 g
-1
) was obtained 
for GrG (table 3.3) as compared to values obtained for GG and RG. However, no 
sorption data for Ni sorption to GrG were found in the literature to confirm the obtained 
result. One important characteristic of the constant Linear Kd model applied to the 
sorption data was that; the Rd stayed constant within the concentration limits used in the 
experiment. Figure 3.4 below is a plot of Rd against metal loading. If the data fits to the 
model, the gradient of the plots in figure 3.4 will be zero. 
 
Figure 3.4: Variation of Rd with increasing metal concentration, showing constancy in Rd at lower 
metal loading. Figure pertains to sorption isotherms shown in figure 11 showing the 
difference between the Rd of quartz and granite. 
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Table 3.3: Sorption parameters for 
63
Ni sorption to Grey Granite, Milky and Rose Quartz. Data in 
table determined by fitting experimental to the Linear Kd model. In the table, Rd is the 
distribution coefficient, determined from the slope of bound against free metal ions. Mean 
Rd is the mean determined from the average of the individual data points. 
Sample 
Rd 
(cm
3
 g
-1
) 
Mean Rd ± SD 
(cm
3
 g
-1
) 
Rd* ± SD 
(cm
3
 g
-1
 m
-2
) 
R
2
 
Grey Granite-GrG 37.3 21.8 ± 4.2  13.2 ± 1.5 0.99 
Rose Quartz-RQ 0.02 0.04 ± 0.001 4. ± 0.01 0.98 
Milky Quartz-MQ 0.02 0.049 ± 0.006 5.7 ± 0.07 0.99 
 
3.5.1.3  The Freundlich model 
 
Protonation/deprotonation reactions at the surfaces of minerals create surface structures 
such as ≡SO-, ≡SOH, and ≡SOH2
+
. The adsorption of cations and anions from the inert 
electrolyte leads to the formation of surface complexes which have the character of ion 
pairs. Each of these surface complexes has its own sorption energy as a result of surface 
heterogeneity. Surface heterogeneity causes variation of this sorption energy across the 
surface from one oxygen site to another (6). This heterogeneity is taken into account by 
the Freundlich model. The Freundlich model, like the linear Kd model, has no upper 
limit for the sorption process in the concentration range studied. Sorption can be 
described by a multilayer addition mechanism as earlier. Experimental data obtained 
from batch sorption experiments between Ni, and Biotite Granite (BG) and Granite 
Adamellite (GA), under experimental conditions mentioned in section 3.5.1.1, were 
fitted to the linearised Freundlich isotherm as the best fit model. From the intercept and 
gradient of the linearised isotherm, the Freundlich sorption parameters are calculated. 
The result fitted well to the model (R
2
 = 0.99 for both BG and GA), a Freundlich 
parameter N (also called the heterogeneity factor) is calculated as 1.13 and 1.03 for BG 
and GA respectively. When the heterogeneity factor = 1, then the sorption isotherm is 
linear. When the heterogeneity is greater or less than unity, the sorption is non-linear 
with no saturation attained within the concentration range studied (as in this section). 
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Figure 3.5: Log-Log plot of Ni bound and free in solution, showing Ni distribution for Grey 
Granite, and Rose and Milky Quartz and minerals at constant pH ca. 8 and liquid solid 
ratio of 200:1, at rtp, equilibrating ca. 8 days 
 
Table 3.4: Sorption parameters for 
63
Ni sorption to BG and GA. Parameters in table determined by 
fitting experimental data to the linearised Freundlich isotherm. Mean Rd is an arithmetic 
mean of the Rds derived from individual points. Rd* is the mean Rd corrected for surface 
area per gram. N is a dimensionless factor related to the heterogeneity of the sorption sites. 
Sample 
Mean Rd ± SD 
(cm
3
 g
-1
) 
Rd* ± SD 
(cm
3
 g
-1
 M
-2
) 
n R
2
 Model 
BG 10.8 ± 1.02 3.8 ± 0.36 1.13 0.99 Q = 25C
1.03
 
GA 13.90  ± 2.6 4.9 ± 0.94 1.03 0.99 Q = 108C
1.13
 
 
 
3.5.1.4 Comparing the linear Kd and the Freundlich model 
 
As mentioned above, as the heterogeneity factor approaches unity, the sorption becomes 
linear. Since the heterogeneity factors calculated for both BG and GA are close to unity, 
a comparative analysis is made using Rd-metal loading plots. From the plots, the 
y = 108.4x1.1328 
R² = 0.99 
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similarities between the two models can be made (figure 3.6). From figure 3.6, it can be 
seen that the Rd stayed fairly constant with metal loading for all the samples. The 
constancy with Rd as the metal concentration increased, and the proximity to unity of 
the heterogeneity factor showed that the data fitted to both models in the experimental 
conditions used.  
 
Figure 3.6: Variation of Rd with metal loading. Comparing data fitted to the linear model, and 
Freundlich model. 
 
3.6 Application of the component additive model to Ni sorption granitic rocks and 
minerals 
 
Two approaches have been applied to describe sorption onto heterogeneous materials; 
the component additivity approach (CA) and the generalised composite approach (GC) 
approach (92). The CA approach is based on summing the adsorption by the individual 
component minerals of a heterogeneous sample to obtain a measure of the total 
adsorption of the mixture. The summation can occur as the sum of results for 
thermodynamic surface speciation models or as the sum of pseudo-thermodynamic 
models for adsorption on individual mineral phases (43). In this section sorption 
parameters derived from the application of NEM models such as the linear and the 
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Langmuir models are used in the application of the CA approach to the sorption data 
obtained from static batch sorption experiments (results discussed above). 
 
One of the methods in the evaluation of the retention capacity of radionuclides is by use 
of a retardation factor. The main input parameter in determining the retardation factor is 
the Rd obtained mainly from batch sorption experiments. For heterogeneous samples 
such as granite, the sorption properties of the constituent minerals may vary. Based on 
the additivity principle, the bulk property (such as Rd) is a summation of the properties 
of the component minerals (13). However, this concept has little or no experimental 
data to back it up in published literature for Ni or Eu sorption to granitic rocks. This 
section therefore, aims at investigating the CAM based on the results obtained from 
static batch sorption experiments performed on component minerals of granite.  
 
Deductions from XRD analysis shown in table 2.6 showed that the main constituents of 
the granitic rocks studied were quartz, feldspar and mica. Feldspar and quartz 
constituted more that 95% of the mineralogical composition of all the granite samples 
while mica and other mica related minerals constituted between 1 to 10 percent. To 
investigate the CAM, mean Rd values for the different sets of minerals are used (mean 
value for RQ and MQ, mean value for OF and PF and MM and BM). Also, because the 
different samples fitted to different sorption models within the concentration of metal 
studied, average values for the Rds are used. The mean Rd values obtained and the 
analysed mineralogical composition are related to the bulk percentage composition, to 
obtain a predicted value. The predicted value for the minerals is summed to obtain a 
predicted bulk Rd value for the granite samples. The predicted bulk Rd value is 
compared with the experimental bulk Rd value obtained. 
 
The contribution to the bulk Rd, of each granitic mineral from its percentage 
composition was calculated (as shown in column 4 table 3.5). To show that the CAM 
applied to a granitic rock sample, the ratio 
 
 
89 
 
Pr 1edicted
Calculated
d
d
R
R    (3.3) 
 
Applying equation 3.3 to sorption data showed the CAM was applicable more to Ni 
sorption to BG. The CAM was thus, applicable in the following order;  
BG (1) > GA (0.7) > RG (0.5) > GG (0.2), GrG (0.2). 
Values in brackets represent the ratio of Rd predicted and Rd calculated 
Looking at table 3.5, it can be seen that the summation of the Rds of the individual 
minerals of the different granitic rocks varied from 3.9 to 22 cm
3
 g
-1
. The results showed 
a fit between the predicted values for GA, BG and RG, as shown in table 3.5. Thus, the 
CAM is shown to be applicable to sorption data obtained from Ni sorption to BG based 
on the experimental condition used. However, application of the CAM to GG and GrG 
showed a disparity between the predicted and the calculated values. The reason for this 
disparity is not obvious and requires further investigation at the metal-surface 
interphase. The CAM thus, depends on the detailed elucidation of the composition of 
the heterogonous sample (43).  
Rd measured ≈ (Rd predicted from CAM) when equation 3.3 is valid as shown with BG 
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Table 3.5: Application of the CAM to Ni sorption to Granitic rocks at constant pH and variable metal concentration. Taking into consideration; percentage 
composition, and calculated Rds of the component minerals. Rd* is the mean from different minerals, and granites. Mineralogical composition data 
derived from table 2.5 (Results obtained from XRD analysis at the BGS (86) 
Sample 
Measured 
Rd*  
(cm
3
 g
-1
) 
Graphic Granite Granite Adamellite Biotite Granite Grey granite Rapakivi Granite 
% 
 com 
 
Contribution 
 to 
Bulk Rd 
 
% 
 com 
 
Contribution 
 to 
Bulk Rd  
%  
com 
Contribution  
to 
Bulk Rd 
 
 
%  
com 
Contribution  
to 
Bulk Rd  
% 
 com 
 
Contribution 
 to 
Bulk Rd  
Quartz 4 x 10
-2
 28 1.3 x 10
-2 
 38 1.7 x 10
-2
 28 1.25 x10
-2
 38.6 1.7 x 10
-2
 33.3 1.5 x 10
-2
 
Mica 4.59 1 4.6 x 10
-2
 3 0.14 15 0.7 4.3 0.2 5.4 0.25 
Feldspar 5.46 71 3.9 59 3.2 59 3.2 57 3.1 61.3 3.3 
Predicted Rd   4  3.35  3.9  3.3  3.6 
Measured Rd   17.2  4.9  3.8  21.8  6.6 
 
%Com = percentage mineralogical composition of a granite sample 
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Deductions from table 3.5 above include: 
1. Quartz and mica contribute less to the overall Ni sorption capacity of intact 
granite. This is probably due to the small percentage composition of mica in the 
intact sample and the observed low sorption capacity of quartz. Sorption to 
feldspar is thus, very significant in terms of the overall sorption ability of 
granites, probably due to the high percentage contribution and also the high 
sorption as observed in table 3.5. 
   
2. The sorption capacity of intact granite sample will not only depend on the 
composition of the granitic materials, it will also depend on the effective surface 
area of the mineral that is in contact with the solution. However, for the above 
analysis it is considered that an average mineralogical composition is 
proportional to the effective surface area of the mineral in contact with the 
solution ions.  
 
 
3.6.2 Modelling 
152
Eu sorption 
 
Prediction of the retention mechanisms of radionuclides is a fundamental concern in the 
evaluation of the suitability of proposed sites for geological disposal/storage. In the 
study therefore of actinide retention, 
152
Eu is used as a chemical analogue (93) for 
trivalent actinides such as Am(III) and Cm(III). Sorption experiments of Eu to different 
granitic minerals have been performed.  
 
Batch sorption experiments with Graphic Granite (GG), Rapakivi Granite (RG), Biotite 
Granite (BG), Grey Granite (GrG), Granite Adamellite (GA), Rose Quartz (RQ), Milky 
Quartz (MQ), Orthoclase and Plagioclase Feldspar (OF and PF), Biotite and Muscovite 
Mica (BM and MM) were carried out with 0.1 g (particle size range of 46 to 250 µm) of 
the pulverised samples. The samples were mixed with 20 cm
3
 of non active EuCl3 
solution with concentration varying from 1 x 10
-13
 to 1 x 10
-4
 mol dm
-3
 spiked with 0.1 
cm
3
 of active 
152
Eu. After fitting the experimental data to different empirical models, the 
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best fit sorption model is used in analysing the data. The best fit model is statistically 
determined as the root mean square value for a set of data. These values are shown as R
2 
in the different sorption parameter tables. For all the experiments, three replicates of 
each sample were used. The results are divided in to four sub groups: 
1. Results for Eu sorption to granitic rocks. 
2. Results for Eu sorption to quartz. 
3. Results for Eu sorption to feldspar. 
4. Results for Eu sorption to mica. 
 
 
At the end of the section the CAM will be applied to the results obtained, as was the 
case with Ni sorption to granitic materials. 
 
3.6.3.1 
152
 Eu sorption to granitic rocks 
 
Eu is one of the 14 elements in the Lanthanide series used as analogues for the trivalent 
actinides and exhibits a strong sorption on mineral surfaces (94). Fitting the results to 
different sorption models, showed that sorption was different from one granitic rock to 
another. Best fit models showed that sorption was best described by the Langmuir 
model for GG, Linear Kd model for GA, BG and GrG, and by the Freundlich model for 
RG.  Sorption parameters are shown in table 3.6. The difference in sorption models is 
reflected in the Rd values calculated. Rd values for GA, BG and GrG obtained from the 
linear sorption isotherms were in the range 20 to 50 cm
3
 g
-1
 for the granitic rocks. Allard 
et al. ( in 1979) (65), and Erdal et al. in 1979) (66) obtained Kd value of 8-32 m
3
 kg
-1
 
and values of around 0.24 and 0.55 m3 kg
-1
 for Eu sorption to Finnsjön granite 
respectively. Taking into consideration the effect of surface area per gram of solid, 
results showed that the most sorbing among the granitic rocks was GrG while the least 
sorbing was RG. At present, most sorption results are quoted without taking into 
consideration surface area. Thus, it is not possible to compare these results with 
previous work. Based on the calculated Rd, sorption to the different granitic rocks 
studied can be ranked in the order; GrG > GG > GA > BG > RG.  
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Figure 3.7 shows the sorption isotherms for the different granitic rocks. From this, it is 
evident that sorption occurred linearly for all the samples up to about 1 x 10
-7
 mol dm
-3
 
of Eu loading. Above this concentration range, sorption deviated from linearity as a 
result of saturation/modification of sorption sites. The deviation from linearity is 
highlighted in figure 3.8. According to Giles et al. (36), deviation from linearity occurs 
in adsorption where, individual solute molecules bound to the solid interact with each 
other. This increases the strength of the individual solute bonds to the solid surface 
when the solid has low contaminant loading. Thus, for a brief period during adsorption, 
the first bound molecules enhance adsorption of the next molecules that bind to the 
solid. 
 
Figure 3.7: Log-Log plot of Eu bound and free, showing Eu sorption to Grey Granite (GG), and 
Graphic Granite (GrG), Rapakivi Granite (RG), Biotite Granite (BG), and Granite 
Adamellite (GA) at constant pH ca. 8 and liquid solid ratio of 200:1, at rtp, equilibrating 
ca. 8 days. 
 
From figure 3.8, deviation from linearity is evident from the decrease in Rd with 
increasing, metal concentration in solution.  
 Linear  Kd model  for GA:  y = 24.294x 
R² = 0.97 
Rd of 24 is obtained. See table 3.6 
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Figure 3.8: Variation of Rd with metal loading for different granitic rocks used in sorption 
experiments. Figure relates to sorption isotherms in figure 3.6. 
 
 
3.6.3.2 
152
Eu sorption to Rose and Milky Quartz  
 
Fitting results from sorption experiments for Rose Quartz (RQ) and Milky Quartz (MQ) 
to the three empirical models (Langmuir, linear and the Freundlich) showed that the 
sorption data fitted to the Langmuir sorption with saturation of sites above 
concentration of 2 x 10
-8
 mol dm
-3
 of Eu in solution. This is visible from the levelling of 
the sorption isotherm above 2 x 10
-8
 mol dm
-3
 of Eu in solution (not very visible on the 
isotherm due to the Log-Log scale) (figure 3.9). Quartz generally is low sorbing, as seen 
earlier in the previous sections, and also by work done by Ticknor (57). As compared to 
results obtained for Eu sorption to granitic rocks, Eu sorption to quartz, attained 
saturation at lower concentration of metal in solution (2 x 10
-8
 mol dm
-3
 for quartz and 1 
x 10
-7
 mol dm
-3
 for granitic rocks). Limited data exist in open literature for Eu sorption 
to quartz. However, Erdal et al. (1978) (95) calculated Rd value of 960 cm
3
 g
-1
 for Eu 
sorption to Quartz Monzonite. In this work, mean Rd values for RQ and MQ were 
calculated as; 7.2 ± 0.7 and 4.6 ± 0.5 cm
3
 g
-1
 respectively. Thus, results obtained in this 
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work are two orders of magnitude less than those obtained by Erdal et al. (95). As 
compared to the low sorption capacity of Ni to quartz as shown by Ticknor (57), high 
Rd values are obtained for Eu sorption to Quartz as shown, highlighting the high 
sorption ability of Eu (actinides) to granitic materials (65). (Rd values obtained for Eu 
sorption to quartz are two orders of magnitude higher that those calculated for Ni as 
seen in section 3.5.1.2) 
 
Sorption data are usually explained by the complexation of metal ions with surface 
groups (≡SO-) in which the bonding is electrostatically described. Incorporation of 
metal ions (Eu
3+
) in the mineral structure can lead to high sorption capacity for low 
sorbing adsorbents like quartz (73). However, incorporation of the radionuclides in the 
mineral structure will require longer equilibration periods (more than 8 used in this 
work). Thus, the high sorption capacity obtained is attributed to surface complexation.  
 
 
Figure 3.9: Log-Log plot of Eu bound and free, showing Eu sorption to Milky Quartz (MQ) and 
Rose Quartz (RQ) at constant pH ca. 8 and liquid solid ratio of 200:1, at rtp, equilibrating 
ca. 8. Figure shows deviation from linearity due to saturation of sorption sites. 
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Figure 3.10: Variation of Rd with metal loading for Rose and Milky Quartz showing decreasing Rd 
as the concentration in solution increase. Figure relates to sorption isotherms in figure 3.9. 
 
3.6.3.3 
152
Eu sorption to Orthoclase and Plagioclase Feldspar  
 
Fitting sorption data to different models showed Eu sorption to Plagioclase Feldspar 
(PF) fitted best to the Linear Kd model (R
2
 = 0.99) with a mean Rd value 3.9 ± 0.6 cm
3
 
g
-1
. Eu sorption to Orthoclase Feldspar (OF) gave a low fit (0.80) with mean Rd value of 
4.6 ± 1.4 cm
3
 g
-1
. The low fit for OF to the linear model can be explained by the fact 
that deviation from linearity occurred above 4 x 10
-7
 mol dm
-3
 of Eu in solution (figure 
3.11). 
 
 Rd values have been calculated taking into consideration the surface area per gram of 
solid pulverised with particle size range of 46 to 250 microns. Rd* values of 3.0 and 2.5 
cm
3
 g
-1
 m
-2
 have been calculated for OF and PF respectively. Sorption data obtained 
were applied to test the CAM. Sorption parameters are shown in table 3.6. 
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Figure 3.11: Log-Log plot of Eu bound and free, showing Eu sorption to Orthoclase (OF) and 
Plagioclase Feldspar (PF) at constant pH ca. 8 and liquid solid ratio of 200:1, at rtp, 
equilibrating ca. 8. 
 
 
Figure 3.12: Variation of Rd with concentration for Eu sorption to Plagioclase and Orthoclase 
Feldspar. Figure relates to sorption isotherms in figure 3.11, showing constancy in Rd with 
concentration of metal in solution. 
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3.6.3.4 
152
Eu sorption to Biotite and Muscovite Mica  
 
Mica is one of the component minerals of granitic rocks. To investigate the additivity 
principle in relation to the sorption capacity of granitic rocks, it is important to 
determine the sorption capacity of the individual minerals. Sorption experiments for Eu 
sorption to Biotite Mica (BM) and Muscovite Mica have been formed, as with the rest 
of the samples studied. Figure 3.13 is a Log-Log plot of concentration of Eu bound 
against concentration of Eu in solution at the stated conditions. The results showed that 
sorption increased as the concentration of metal in solution increased. 
 
Figure 3.13: Log-Log plot of Eu bound and free, showing Eu sorption to Biotite (BM) and 
Muscovite Mica (MM) at constant pH ca. 8 and liquid solid ratio of 200:1, at rtp, 
equilibrating ca. 8 days. 
 
Fitting the data to different empirical models showed that these data were best described 
by the Freundlich model, with no upper limit for the amount bound. Table 3.6 shows the 
sorption parameters. The heterogeneity factor is calculated as 1.1 and 1.2 for BM and 
MM respectively. The heterogeneity factor of 1.1 for BM shows that the sorption sites 
are heterogeneous. The implication is that sorption cannot be occurring as monolayer 
coverage. For sorption to be monolayer, sorption sites must be identical and non-
interacting, which is an essential condition for sorption to attain saturation (31) (32). For 
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MM, the close to unity value calculated shows that sorption does not attain saturation 
due to modification of the sorption sites by already bound ions (36). 
 
Figure 3.14: Variation of Rd with concentration for Eu sorption to Biotite (BM) and Muscovite 
Mica (MM). Figure relates to sorption isotherms in figure 3.13. 
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Table 3.6: Sorption parameters for Eu sorption to granitic rocks and minerals. Data in table determined by fitting experimental to the linearised Freundlich 
isotherm, linearised Langmuir and the Linear model. Only best fit models are shown on the table, *Rd is the arithmetic mean of the Rds derived from 
individual points. Rd* is the mean Rd corrected for surface area per gram effect. N is a dimensionless factor related to the heterogeneity of the 
sorption sites. 
 Langmuir model Freundlich Linear  
Granitic rocks 
 
B 
(mol g
-1
) 
K 
(dm
-3
 meq) 
*Rd 
(cm
3
 g
-1
) 
N 
Rd 
(cm
3
 g
-1
) 
Rd* 
(cm
3
 g
-1
 m
-2
) 
BF 
Graphic Granite-GG 1.73 x 10
-5
 1.9 x 10
6
 27 ± 5.2    9.6 ± 1.8 L 
Granite Adamellite-GA     24 7.9 ± 1.2 Li 
Biotite Granite-BG   15 ± 5.3   15.1 5.3 ± 1.9 Li 
Grey Granite-GrG     52.1 11 ± 2 Li 
Rapakivi Granite-RG   8.1 ± 2.2  1.13  2.9 ± 0.8 F 
Granitic minerals 
Rose Quartz-RQ 2.6 x 10
-6
 3.2 x 10
5
 6.3 
 
± 0.7    7.3 ± 0.8 L 
Milky Quartz-MQ 1.8 x 10
-6
 1.1 x 10
5
 7.2 ± 0.5    8.4 ± 0.6 L 
Orthoclase Feldspar-OF 1.5 x 10
-5
 2.3 x 10
5
 4.6 ± 1.3    3 ± 0.9 L 
Plagioclase Feldspar-PF     3.2 2.5 ± 0.4 Li 
Biotite Mica-BM   12 ± 2.1  1.1  7.1 ± 1.2 F 
Muscovite Mica-MM   7 ± 0.4  1.2  4.1 ± 0.3 F 
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BF = Best fit model, 
B = Maximum sorbable amount for the Langmuir model, 
K = Langmuir parameter, relates to the binding strength, 
*Rd = mean Rd, 
L, F, Li, stand for Langmuir, Freundlich, Linear and models respectively. 
BM = Best fit model, 
N = The Freundlich parameter, relates to the heterogeneity of the sorption sites, indicative to the presence 
of different sorption mechanisms. 
 
Values of N close to unity (for MM and RG) implied that all sorption sites were 
energetically identical, and sorption occurred by a single mechanism. When N is close 
to 1, the Linear Kd sorption model and the Freundlich models are equivalent, as such 
deviation from linearity does not occur. Table 3.6, shows the different sorption 
parameters studied and the best fit models that are used in describing the sorption 
process.  
 
3.7 Sorption verification using energy dispersive microanalysis 
 
Sorption verification studies of Eu sorption to a granitic bulk sample was conducted with the 
help of FIE QUANTA 600 Environmental scanning electron microscope, coupled with 
Oxford Instrument-INCA450 a solid state 2 diode type detector, operating at 
environmental pressure of < 1 torr at the British Geological Survey. The micrographs 
and elemental spectra of the samples in EuCl3 and DI water showed that adsorption of 
Eu occurred at the different mineral phases of the granite sample with most of the 
sorption taking place at the mica phase. Figures 3.15 to 3.19 show different micrographs 
and spectrums for Eu sorption to granite. 
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Figure 3.15: Energy dispersive X-ray, microanalysis of blank granite sample in DI, using a 
wavelength of 700 nm, a solid state 2 diode type detector for the back scatter electrons in a low 
pressure mode (0.98 torr of water vapour), and a specimen current of 0.98 nA. Figure shows 
the elemental composition of granite, with high concentrations of Si and O. 
 
 
Figure 3.16: Energy dispersive X-ray Micrograph of granite sample doped with Eu, showing 
sorption of Eu (White spots on different areas of the granite sample 
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Figure 3.17: Energy dispersive X-ray, microanalysis of feldspar showing Eu peaks. 
 
 
Figure 3.18: Energy dispersive X-ray, microanalysis of mica showing Eu peaks. 
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Figure 3.19: Energy dispersive X-ray, microanalysis map, showing elemental mapping of Eu on the 
granite surface. Micrograph shows high concentration of Eu on the mica surface. 
 
 
3.8 Application of the component additive model to Eu sorption to granites and 
granitic minerals 
 
Following the approach applied to Ni sorption to granites and minerals (table 3.5), the 
same approach is now applied to Eu sorption to granites and constituent minerals. Using 
equation 3.3  
1predicted
Calculated
d
d
R
R    (3.3) 
 
Applying the above equation to sorption data showed the CAM fitted to sorption data in 
the following order.
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Table 3.7: Application of the CAM to Eu sorption to Granitic rocks at constant pH and variable metal concentration. Taking into consideration; percentage 
composition, and calculated Rds of the component minerals. Rd* is the mean from different minerals, and granites. Mineralogical composition data 
derived from table 2.5 (Results obtained from XRD analysis at the BGS (86) 
 
Sample 
Measured 
Rd*(cm
3
 g
-1
) 
Graphic Granite Granite Adamellite Biotite Granite Grey granite Rapakivi Granite 
%  
com 
 
Contribution  
 to 
Bulk Rd 
 
%  
com 
 
Contribution  
 to 
Bulk Rd  
% 
 com 
Contribution  
 to 
Bulk Rd  
%  
com 
Contribution  
 to 
Bulk Rd  
%  
com 
 
Contribution  
 to 
Bulk Rd  
Quartz 6.8 28 1.9 38 2.6 28 1.9 38.6 2.6 33.3 2.3 
Mica 4.3 1 0.1 3 0.3 15 1.4 4.3 0.4 5.4 5.2 
Feldspar 9.6 71 3.0 59 2.5 59 2.5 57 2.4 61.3 2.6 
Predicted Rd   5.0  5.4  5.9  5.5  5.4 
Calculated Rd   27.1  22.4  15.1  31.3  8.1 
% Com = percentage mineralogical composition of an granite sample 
Con to Bulk Rd = Contribution to bulk Rd by a mineral, as a result of its percentage composition. 
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Applying equation 3.3 to sorption data showed the CAM fitted to sorption data in the 
following order: 
RG (0.7) > BG (0.4) > GA (0.2), GG (0.2), GrG (0.2). 
 
As observed from table 3.7, predicted Rd values for the granitic samples are within the 
range 5 to 6 cm
3
 g
-1
, as a result in the similarity of the percentage mineralogical 
composition, as shown in table 2.5. However there is disparity between the predicted 
and calculated values. The predicted values are between 1.5 to 6 times less than the 
experimental values.  
 
From the results quartz gave largest contribution to the bulk Rd. This is surprising based 
on the low sorption capacity of quartz. However, the results show, that sorption to 
granitic rocks is dependent mostly on the percentage composition of the individual 
minerals in the bulk sample. 
 
3.9 Chapter conclusions 
 
Summing up the sorption properties of components of a granitic sample is important in 
predicting the behaviour of the bulk sample. This addition is done through the addition 
of models corrected for electrostatic interactions or through empirical models like those 
used in this chapter. Application of the CAM was tested by equation 3.3. Results 
showed the CAM was applicable only for Ni sorption to BG, with a predicted/calculated 
Rd ratio of one. The results showed that the CAM was not applicable for Eu sorption on 
granitic samples. Values for predicted/calculated were < 0.7 for all the samples.  
 
Results thus showed that the CAM was not applicable in four out of five samples for Ni 
sorption, and in all the samples for Eu sorption. Thus, the CAM is limited in its 
application in predicting the properties of a bulk granite sample from its component 
minerals. The reasons for the limitation can include: 
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1. Variations in the chemical and physical properties of the component minerals 
when present alone in solution, and when present in the bulk sample. The 
physiochemical environments of the metal ions will differ when they are in 
contact with a homogeneous particle solution and when they are in a 
heterogeneous system. 
2. There might be differences in the net surface area of the mineral and the bulk 
sample. This can affect the Rd measured for the granitic mineral. Since the 
particle size is the same for the minerals and for the intact samples, the net area 
of the mineral alone in solution will be greater than that in the bulk sample with 
the sample particle size. 
3. Errors from resulting from the determination of the exact mineralogical 
composition of the granitic samples can contribute to variation in the predicted 
and calculated Rd values. 
  
Results satisfied the different empirical models according to the mathematical 
expressions shown below. 
d0 Linear K  model.
ddR
dFree
 
 
0 Freundlich model.
ddR
dFree
 
 
Above the saturation point Langmuir model
ddR
dFree
 
Where F is the concentrations of Ni
2+
 or Eu
3+
 in solution. 
The results also highlight the low sorption capacity of quartz as shown by the high 
deviation from linearity. For the case of Eu sorption to quartz large Rd values were 
obtained, probably due to incorporation into the structure (by the hydrolysis of the Si-O 
bond especially at high pH values (73) rather than by pure electrostatic sorption. The 
results also confirm the high sorption capacity of Eu to granitic materials as shown 
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recently in by Palágyi et al. (75). Very strong sorbing materials such as granitic rocks 
have been shown to have very low deviation from linearity hence, the high retention 
capacities of these rocks. Correcting the calculated Rd values for effective surface area 
showed clearly that sorption varies with the surface area available for sorption. As such, 
it is important to make corrections for values calculated. Since Rd values are used for 
safety case analysis, it is important that values measured for powdered samples are 
correlated to those of intact samples. As mentioned earlier the correction is thus, 
proposed as: 
 
Kd effective =  
 
Where A is the bulk surface area and Kd is the measure distribution ratio. 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 4 
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Modelling Desorption from Granitic Rocks and 
Minerals 
 
 
4.1 Introduction 
 
4.1.1 Desorption phenomena 
 
The reversibility/irreversibility of the sorption process is of fundamental importance for 
understanding the fate of radionuclides in geological systems. If the process is 
reversible, the same isotherm should be valid for sorption and desorption under the 
same conditions
 
(31). 
 
Sorption-desorption hysteresis refers to the apparent asymmetry of sorption/desorption 
equilibrium and/or kinetics. It manifests itself as non-singular isotherms or different 
rates for sorption and desorption, where during desorption a higher affinity of a sorbate 
on a given sorbent and a longer time scale for release than adsorption are observed. 
Numerous studies have reported the phenomenon of hysteresis or non-singularity of 
sorption-desorption isotherms (96). 
 
There are several causes of these observed hysteresis phenomena. Kinetic hysteresis 
could be due to different sorption and/or desorption rates arising from steric hindrance 
effects and sorbate entrapment in micropores. Non-linear sorption isotherms also lead to 
kinetic hysteresis, i.e. a self sharpening concentration front during sorption and 
extended tailing during desorption. There are several examples of kinetic hysteresis 
reported in the scientific literature, in which sorption appears to be faster than 
desorption (96).
 
 
4.1.2 Objectives 
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The work described in this chapter is the investigation of the tendency of radionuclides 
bound to solid surfaces to desorb i.e. to return to solution once the chemical 
environment, such as the ionic strength or pH is changed. For the sake of simplicity, 
desorption experiments were performed with deionised water, which has a different 
chemical potential with respect to the original electrolyte used in the sorption process. 
As a follow up to the previous chapter that dealt with the sorption processes, this 
chapter looks at the reversible process of sorption quantitatively, for the sake of 
comparison.  
 
4.1.3 Processes and manifestations of hysteresis 
 
It is known that several metals show fast kinetic adsorption reactions by outer-sphere 
ion exchange followed by slow adsorptions with specific inner-sphere interactions, so it 
is sometimes difficult to know if thermodynamic equilibrium has been reached. If not, 
the superimposition between adsorption and desorption isotherms does not match
 
(25). 
This mismatch between adsorption and desorption isotherms is called ‘‘pseudo-
hysteresis’’ (as shown in figure 4.1) or ‘‘kinetic hysteresis’’. A more convenient term 
could be ‘‘apparent irreversibility’’. The common term ‘‘irreversibility’’ can lead to the 
wrong conclusion that a part of the solute cannot be desorbed at all, whereas it could be 
just a matter of time. On the other hand, the saturation capacity of the solid during 
adsorption can be underestimated if equilibrium is not reached. The characteristic time 
of desorption can be several orders of magnitude different from the characteristic time 
of adsorption. The adsorbed species can react, in a second stage, with the solid by: 
 
(i) slow diffusion inside the solid; 
(ii) inner-sphere surface complexation; or  
(iii) crystallisation of new solid phases. The duration of desorption is increased 
by the time needed to reverse these reactions. This highlights the importance 
of knowing the history of a system and taking into account any ‘‘ageing’’ 
effects (25) . 
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Figure 4.1: Processes and manifestations of hysteresis. Adapted from (96)
 
 
Pseudo-hysteresis due to experimental artefacts in the traditional batch sorption-
desorption method can be classified mainly into two categories: 
1. Desorption starting under non equilibrium conditions (non-attainment of 
equilibrium due to rate limited diffusion can lead to an underestimation of 
equilibrium sorbed concentration in the sorption direction, and an 
overestimation in the desorption direction. 
Hysteresis due to 
Experimental artefacts ( 
Pseudo-Hysteresis 
Desorption starting 
under non equilibrium 
conditions 
Loss of Sorbate mass in 
batch systems 
Irreversible sorption 
Truely bound residuals-
Chemisorption 
Isotherm non linearity 
Kinetic reasons 
Steric hindrance of 
molecular diffusion 
Heterogeinity of 
adsorption surfaces 
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2. Sorbate losses from the batch system and losses of sorbate to batch vial 
components, especially polymer liners and seals. If these losses are not 
considered, it could lead to incomplete mass balances used to construct the 
sorption isotherm, resulting in hysteresis due to overestimation of the sorbed 
concentrations). 
3. Steric hindrances due to the molecular structure of particle-metal complex can 
result in limitations of the desorption process resulting in hysteresis. 
 
 
4.1.4 Mechanisms of desorption 
 
The reversibility of sorption reflects the ability of the adsorbed radionuclides to be 
released to the aqueous phase by changing conditions. The most direct test of the 
reversibility of the sorption process is to use the same aqueous phase for both 
adsorption and desorption (97). The results are usually characterised using the 
hysteresis factor (H), a dimensionless parameter, calculated via:  
 
bound desorbted
bound
Q – Q
H   
Q
  
(4. 1) 
 
A common method of expressing the extent of desorption is by expressing the amount 
desorbed as a percentage of the amount bound initially. 
 
desorbed
% desorbed 100
bound
x  (4. 2) 
 
Where Qbound (mol g
-1
) is the amount of metal bound and Qdesorbed (mol g
-1
) is the 
amount of metal desorbed upon desorption with DI water. 
Hence, the larger the value of H (nearer to unity) the greater the resistance to 
desorption.  
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Clear experimental evidence for the physical or chemical mechanisms proposed to lead 
to hysteresis is still lacking. Reasons for desorption hysteresis can be manifold
 
(96). 
More than a single mechanism may be responsible for the many observed desorption 
hysteresis phenomena. The most common experimental artefacts result from non-
attainment of sorption/desorption equilibrium since the true equilibrium can require 
very long timeframes. Literature reported sorption/desorption experiments vary from 
hours to weeks and further up to more than a thousand days (96). In addition, two other 
sources of artefacts due to sorbate mass loss are difficult to rule out using the traditional 
decant-and-refill batch method. To differentiate “pseudo-hysteresis“ resulting from 
experimental artefacts from true hysteresis due to kinetic reasons or sorbent 
reconfiguration of the geological materials, a prerequisite for such experiments is to 
improve the experimental methodology in order to minimize or eliminate the artefacts. 
If, under these conditions, differences in the sorption and desorption isotherms are 
observed, kinetic reasons or irreversible sorption, as summarised in figure 4.1, are 
likely. 
 
The principal sorption mechanism is likely to vary during the sorption period. The often 
observed variation in sorption mechanisms are transitions from relatively easily 
desorbable forms in earlier period to almost irreversibly sorbed or slowly desorbable 
forms in the later one. These transitions have been explained by the slow diffusion of 
elements onto internal surfaces and their subsequent occlusion in the structure of the 
minerals or by transition from outer-sphere complex to inner-sphere complex (10). 
 
The residence time plays a role in the desorption of radionuclides in the sense that, 
increased residence time could be attributed to different aging mechanisms such as 
rearrangements of surface complexes into bidentate binuclear complexes as well as a 
conversion of surface precipitates (98). 
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4.2 Results and discussion 
 
To fully understand the hysteresis that is observed during desorption processes, it is 
important to perform both the sorption and desorption processes. Experiments were 
carried out with different granitic rocks and minerals to study the sorption-desorption 
processes (SDP). The results have been arranged in terms of the sorption mechanisms 
by which the sorption processes occurred. Hysteresis is a sorption parameter that 
measures the extent to which the bound radionuclides are resistant to the desorption 
process. It is a dimensionless parameter, calculated using equation 4.1  
 
4.2.1 
63
Ni Desorption from granitic rocks and minerals for those whose sorption 
was best described by the Langmuir model 
 
For Grey Granite (GrG), Rapakivi Granite (RG), Orthoclase Feldspar (OF) and 
Plagioclase Feldspar (PF), sorption took place with saturation of the sorption sites. One 
of the assumptions in applying the Langmuir model to sorption data is that the sorption 
process is reversible. The favourability constant (table 3.1) is 0 < F < 1, implying that 
the sorption data can be described by the Langmuir model. If the data fits to Langmuir 
model, the sorption process is expected to be reversible. Even though sorption data 
could be described by the Langmuir model, the process is usually not fully reversible. 
The reasons for hysteresis are discussed in section 4.1.3. Thus, this chapter describes 
investigations of desorption profiles for different granitic rocks and minerals, in order to 
establish a link between the forward and reverse processes. Because the sorption 
experiments were done in deionised water as the electrolyte carrying the metal ions, it 
was important to use the same electrolyte without Ni or Eu present. Details of the 
experimental methodology are shown in section 2.3.4 in the experimental section. 
Desorption experiments involving the solids mentioned above (with Ni
2+
 bound on the 
surfaces of the particles from the sorption experiments) were performed with deionised 
water. Results revealed a linear relationship between the concentration bound and the 
concentration desorbed as shown by the Log-Log plot (figure 4.2). Desorption 
parameters are shown in table 4.1. The implication of the linear relationship between the 
desorbed and the bound is that; the amount desorbed increases as a function of the 
amount bound. 
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From table 4.1 it can be seen that, the hysteresis increases with Rd, as illustrated by GG 
(Rd = 17.2 cm
3
 g
-1
, H = 0.94) and PF (Rd 6.1 cm
3
 g
-1
, H = 0.79). These results highlight 
the ability of granitic materials to retard radionuclides in solution. The ability to retard 
radionuclides in the far field gives granitic rock systems an advantage in terms of 
repository considerations. Considering H, the following order is obtained; RG > OF > 
GG > PF. Taking into consideration the percentage desorption (average percentage 
desorption), the following values were obtained RG = 4.2 %, OF = 3.4 %, PF = 22.7 %, 
these values show that the hysteresis increased as desorption decreased for the above 
samples. A significant difference in hysteresis between OF and PF is observed in terms 
of the percentage desorption. Despite the fact that both minerals are classified as 
feldspar, plagioclase forms a sub group of minerals with different concentrations of 
sodium and calcium; and aluminium and silicon, resulting in different structural 
patterns. Thus, the difference in hysteresis may be explained by structural differences. 
 
  
Figure 4.2: Log-Log plot of Ni desorption profile for sorption processes described using the 
Langmuir model. Desorption experiments performed using DI water and a single wash 
involving GG, RG, OF and PF at pH ca. 7.5 
 
 
 
1.0E-11 
1.0E-09 
1.0E-07 
1.0E-05 
1.0E-09 1.0E-07 1.0E-05 
N
i 
d
e
s
o
rb
e
d
 (
m
o
l 
g
-1
) 
Ni bound (mol g-1) 
Desorption profiles for Ni from GG, RG, OF and PF MM 
GG 
RG 
OF 
PF 
 
 
116 
 
Table 4.1: Ni Sorption-Desorption parameters for granitic rocks and minerals for those whose 
sorption was best described by the Langmuir model. 
Sample 
Mean Rd 
(cm
3
 g
-1
) 
Hysteresis 
Rd* 
(cm
3
 g
-1
 m
-2
) 
Graphic Granite-GG 17 ± 1.3 0.94 6.1 ± 0.9 
Rapakivi Granite-RG 6.6 ± 0.8  0.98 2.3 ± 0.2 
Orthoclase Feldspar-OF 6.1 ± 1.1  0.96 4 ± 0.7 
Plagioclase Feldspar-PF 4.0 ± 0.8  0.79 2.5 ± 0.5 
 
 
Rd* is obtained from corrections for effective surface area of the different samples. BET 
surface area measurements are shown in appendix 2. From the results it has been shown 
that one of the main assumptions of the Langmuir model (sorption reversibility) is not 
applicable in real systems like those studied in this work. Many systems have inherent 
properties (such as steric hindrances of molecular diffusion, chemisorption, 
heterogeneity of adsorption surfaces and most commonly loss of sorbate mass during 
batch systems)  that do not allow the forward process to be equal to backward process, 
leading to isotherm non linearity (the forward process does not interpose with the 
reverse process). 
 
4.2.2 
63
Ni Desorption from granitic rocks and minerals for those whose sorption 
was best described by the Linear Kd model 
 
From the previous chapter it was seen that sorption to Rose Quartz (RQ), Milky Quartz 
(MQ) and Grey Granite (GrG), was best described by the Linear Kd model. Desorbing 
with DI water in a single wash (see chapter 2) showed a linear relationship between the 
desorbed and the bound Ni, as shown in figure 4.3. Hysteresis for both RQ and MQ was 
low, as expected, quartz is generally known to be low sorbing, except in cases were 
incorporation into the structure through the dissolution of the Si-O-Si bound occurs. 
Due to the low sorption capacity, retention of metal ions on the surface is weak, as such, 
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changes in the chemical environment (such as changes in the ionic strength of the 
solution) will affect the desorption process. Also it was shown in section 4.2.1 that the 
retention increases with the Rd. From table 4.6, GrG showed high resistance to 
desorption (H = 0.98 with Rd = 13.2), while MQ showed low resistance (H = 0.68 with 
Rd = 0.06). The results once more showed a relationship between Rd and hysteresis. The 
high resistance to desorption for GrG was comparable to that shown by RG, GG, and 
OF as seen above. 
 
Figure 4.3: Log-Log plot of Ni desorption profile for sorption processes taking place by the Linear 
Kd model. Desorption experiments performed using DI water and a single wash involving 
RQ, GrG, and MQ. Equilibration pH ca. 7.5. Deviation from linearity is observed for GrG 
at higher metal loading to the surface. 
 
It has thus, been shown that for these systems, the greater the degree of sorption, the 
greater the resistance to desorption, as shown in table 4.2. However, deviation from 
linearity is observed with GrG. This can be attributed to some of the reasons mentioned 
in section 4.1.3, such as; 
 Steric hindrance of molecular diffusion 
 Truly bound residuals - Chemisorption 
 Heterogeneity of adsorption surfaces or 
 Experimental artefacts (Pseudo-Hysteresis) 
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Table 4.2: Desorption parameters for sorption best described by the Linear Kd model, involving Ni, 
and GrG, MQ, and RQ, in a single wash process. 
Sample 
Rd* 
(cm
3
 g
-1
 m
-2
) 
R
2
 Hysteresis 
Grey Granite-GrG 13.2 ± 1.5  0.99 0.98 
Rose Quartz-RQ 0.05 ± 0.01 0.98  
Milky Quartz-MQ 0.06  0.99 0.68 
 
 
Due to the similarity in structure between MQ and RQ, and also based on their sorption 
capacity, it is possible to conclude that RQ will show similar behaviour in terms of Ni 
desorption.  
 
4.2.3 
63
Ni Desorption from granitic rocks and minerals for those whose sorption 
was best described by the Freundlich model 
 
Desorption experiments performed on Biotite Granite (BG) and Granite Adamellite 
(GA) showed that desorption increased with the concentration of metal bound. At 
higher metal concentrations, desorption decreased due to reasons mentioned in the 
previous section. Figure 4.4 shows desorption profile for BG and GA. Mean percentage 
desorption were  < 10 % of the amount bound (3.8 and 9.1 % for BG and GA 
respectively). The low desorption values thus, reflect the high hysteresis values 
recorded for BG and GA.  
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Table 4.3: Desorption parameters for sorption best described by the Freundlich model, involving 
Ni, with GA and BG in a single wash process. Sorption parameters for Ni sorption to BG 
and GA. R
2 
values are those for the sorption model. Q and C are amounts bound and 
present in solution respectively (Q mol g
-1
 and C mol dm
-3
) 
Sample 
Rd* 
(cm
3
 g
-1
 m
-2
) 
R
2
 Sorption model  Hysteresis 
BG 3.8 ± 0.4 0.99 Q = 25C
1.03
 0.97 
GA 4.9 ± 0.94 0.99 Q = 108C
1.13
 0.96 
 
 
The decrease in desorption at higher concentrations of Ni bound suggests that some of 
the Ni is trapped in dead pore ends due to steric hindrances or desorption does not occur 
as supported by the high hysteresis values. From equation 4.1, the relationship between 
the amount bound Qb (mol g
-1
), the hysteresis H (dimensionless) and the amount 
desorbed Qd (mol g
-1
) is given by the equation 4.3 (rearrangement of equation 4.1). 
d bQ  Q 1 H    (4. 3) 
 
 
From equation 4.3; when:  
1. H approaches 1, desorption approaches zero and the system is said to be 
irreversible, this holds true for BG and GA. 
2. As H approaches zero, desorption approaches to 100 percent and the system is 
said to be reversible. 
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Figure 4.4: Log-Log plot of Ni desorption profile for sorption processes taking place by the 
Freundlich model. Desorption experiments performed using DI water and a single wash 
involving BG and GA. Equilibration pH from ca. 7.5. Deviation from linearity is observed 
for at higher metal loading to the surface. 
 
4.2.4 
63
Ni Desorption from granitic rocks and minerals –Biotite and Muscovite 
Mica 
 
Sorption to Biotite Mica (BM) and Muscovite Mica were best described by the linear 
model as shown in table 4.4. Results obtained for the desorption experiments with DI 
water in a single wash process showed very low desorption for MM as compared to 
BM. Mean percentage desorption values for MM and BM were 0 and 36.1 % 
respectively. Desorption followed a linear trend, however, there is deviation from 
linearity for MM (figure 4.5). The reason for this can be due to the structure of the 
mineral. Mica is a sheet silicate containing iron, magnesium, aluminium, silicon, 
oxygen, and hydrogen form sheets that are weakly bound together by potassium ions. 
The weakly held K
+
 ions are easily replaced in solution leading to permanent negative 
charges on the mica particle surface. It is this permanent negative charge that is 
responsible for the high sorption observed through the formation of strong chemical 
binding between Ni and the solid surfaces in the process of chemisorption (96). 
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Figure 4.5: Log-Log plot of Ni desorption profile. Desorption experiments performed using DI 
water and a single wash involving BG and GA. Equilibration pH from ca. 7.5. Deviation from 
linearity is observed for MM at higher metal loading to the surface. 
 
Table 4.4: Desorption parameters for Ni sorption-desorption with BM and MM in a single wash 
process showing difference in H. 
 
Mean Rd ± SD 
(cm
3
 g
-1
) 
Rd* ± SD 
(cm
3
 g
-1
 m
-2
) 
Hysteresis 
Muscovite Mica (MM) 8.5 ± 1.3 5.0 ± 0.7 0.95 
Biotite Mica (BM) 7.2 ± 0.7 4.2 ± 0.4 0.72 
 
 
There is big difference between the H values for BM and MM. Micas have a layer 
charge of about 1 per half cell formula unit and are both dioctahedral for the case of 
muscovite and trioctahedral for biotite (26). These differences can be attributed to 
several of the factors mentioned in figure 4.5 which include: 
1. Desorption starting under non equilibrium conditions. 
2. Loss of sorbate mass in batch system. 
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4.3 Conclusion 
 
From the results one main observation pertained to the fact that desorption decreased as 
sorption increased, although desorption was generally low and almost zero for MM, 
BG, GA, GrG, RG, and OF. To conclude it can be said that there is a relationship 
between the sorption and desorption processes. The more sorbing a mineral is, the more 
the hysteresis observed. The results also confirmed low sorption to quartz and high 
sorption to granitic rocks. However, there is a need to understand the processes leading 
to high values of hysteresis even though most of its causes were mentioned. There is 
need for spectroscopic analysis using techniques such as ‘extended X-ray absorption 
spectroscopy to investigate the metal-solid interaction at the molecular level. 
 
The resistance of bound radionuclide to desorb is usually expressed mathematically 
using the concentration of metal bound and the concentration of metal free in solution at 
equilibrium. However, radionuclide retardation in the geosphere is mostly described 
using Rd is made rather than the concentration bound or desorbed.  Thus, using the data 
obtained corrected for surface area, a mathematical relationship between the Rd* and the 
hysteresis H of Ni desorption from a granitic sample can be approximated as: 
 
0.07
d*H  0.82R  (4. 4) 
 
Based on figure 4.6 the expression is derived from Excel, with R2 value of 0.87.  
 
The above expression is valid for Rd values normalised for surface area per gram of 
sample for Ni sorption to granitic rocks and minerals. However, due to the lack of data 
from published work, it is not possible to compare data obtained from previous work. 
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Figure 4.6: Variation of Hysteresis with measured Rd* for different rocks and minerals – Single 
wash. Negative H value for RQ has not been included. Rd* values are corrected for surface 
area. 
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Chapter 5 
 
63
Ni and 
152
Eu Sorption to Selected Granitic Rocks and 
Minerals: Sorption at varying pH 
 
5.1 Introduction 
 
The immobilisation of radionuclides in groundwater environments cannot be explained 
solely by the empirical models discussed earlier. These empirical models are not 
sensitive to the varying conditions that are found in nature. Sorption has been shown to 
be very sensitive to pH, Eh and ionic strength of the solution in which the radionuclides 
are found. Using mass action laws, it is possible to describe sorption to heterogeneous 
samples such as granites by use of the surface complexation models. Surface 
complexation modelling approaches are generally more robust in their application over 
varying geochemical conditions than empirical models because they adopt a more 
mechanistic approach to sorption. This flexibility is often gained at the expense of 
simplicity, and SCMs may require a larger number of parameters to accommodate their 
increasing complexity. Surface complexation models use mass action laws analogous to 
aqueous phase reactions to describe adsorption thus, accounting for changes in chemical 
speciation, competitive adsorption, and other multisolute interactive chemical effects. 
 
5.1.1 Basics of surface complexation modelling 
 
In the surface complexation model which is applied primarily to oxides and silicate 
minerals, mineral surfaces are characterised as polymeric oxo acids, the specific 
adsorption of protons or hydroxide ions is interpreted in terms of acid-base reactions at 
the surface. Surface charge is developed by reactions yielding charged surface species 
(e.g. protonated or deprotonated surface hydroxyl groups) (44). This serves as the basis 
for the application of the electric double layer model of surface complexation. A general 
term (hydr)oxide is used to describe all potential sorbents occurring as oxides, 
hydroxides and oxyhydroxides (45). 
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In modelling sorption of radionuclides to surfaces at varying pH, the surfaces of the 
mineral are considered too complex to be quantified in terms of the contributions of 
individual phases to adsorption. Instead, it is assumed that adsorption can be described 
by SCM equilibria written for “generic” surface functional groups, with the 
stoichiometry and formation constants for each SCM mass law evaluated on the basis of 
simplicity and goodness-of-fit
 
(43). The generic surface sites represent average 
properties of the granite type rather than specific minerals.  
 
5.1.2 Main assumptions of SCM 
 
This model is predictive and extending it to natural samples involves certain 
assumptions such as:  
1. Sorption occurs through interaction with the hydroxyl groups,  
2. Constituent minerals are uncoated and do not interact with each other. 
 
This model has been applied in calculating the proton stoichiometry (PS) at the point of 
steep rise in sorption with pH (41). This plot defines the narrowest region in the 
adsorption spectrum of a pH range and also gives the Log Ke (equilibrium constants) 
values. Because Rd values are very sensitive to pH, as we shall see in the sections that 
follow, the Rd concept will have limited application in describing sorption processes 
that take place over a range of pHs. However, an indication of the Rd will be shown on 
plots of against pH for ease of comparison. 
 
The general equations for the interaction of the metal ion with oxide substrate may be 
expressed by equations 1.11 and 1.12 in section 1.13 in which all the assumptions for 
surface complexation modelling were listed. Equation 1.12 is extensively used in this 
chapter to determine complexation constants at the sorption edge. 
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5.1.3 Chapter objectives 
 
Ionic strength is an important factor controlling the behaviour of metal cations, such as 
their hydrolysis, and the distribution coefficients for their adsorption on mineral 
surfaces
 
(99). Most field and laboratory experiments are conducted at low ionic 
strengths. However, only limited knowledge exists on the effects of ionic strength on 
the migration of cations in porous media (99). 
 
Apart from ionic strength, the ability of geologic materials to exhibit high sorption at 
low pH values will depend very much on the position of the point of zero charge (pH at 
which the net surface charge is zero) for the surfaces. Geologic materials such as granite 
and its minerals exhibit relatively low points of zero charge (34).   
 
This chapter investigates the effect of pH on sorption at constant metal concentration, 
using 
63
Ni and 
152
Eu. Different granitic rocks and granitic minerals have been used in 
the sorption experiments (See chapter 2 concerning the experimental methodology) in 
order to understand the sorption profile, and the sorption edge (pH at which there is a 
sharp rise in sorption with pH). Sorption parameters to quantify the sorption processes 
have been calculated, from the sorption data. Surface complexation modelling using the 
JChess geochemical code, has been performed.  
 
To investigate the effect of ionic strength as well as pH, two sets of experiments, in the 
presence of 0.1 and 0.05 mol dm
-3
 NaCl, were used with a control having no NaCl 
present. The same settings were repeated for Eu sorption experiments. The effect of 
surface area has been taken into consideration in the surface complexation studies using 
the JChess geochemical code. This chapter reports a study of the effect of pH on 
sorption of radionuclides to some granitic rocks and minerals. NaCl is used to create a 
low concentration brine/seawater environment. With the possible disposal/storage of 
nuclear waste in deep geological repository, and with the potential rise in sea levels due 
to climate change, there is growing concern regarding the possible intrusion of brine 
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into repository vaults. Thus, it is important to understand the effect of sea water on 
sorption of radionuclides in the far-field. 
 
5.2 Results and discussion 
 
5.2.1 Influence of pH on sorption  
 
Sorption reactions at solid-water interfaces decrease solute mobility and often control 
the fate, bioavailability and transport of radionuclides. Adsorption of metals in solution 
generally become more specific as the pH increases, i.e. formation of inner sphere 
complexes is favoured at elevated pH. Based on sorption experiments, the pH 
dependent sorption on mineral surfaces is usually modelled assuming two types of sites 
(100): 
1) Ion exchange, or nonspecific adsorption, sites that exchange background 
electrolyte cations with weakly bound hydrated metal ions (outer sphere 
complexes).  
2) Specific adsorption at amphoteric surface hydroxyl sites such (Al-OH, Si-OH) in 
which the surface sites hydrolyse and then bond directly to surface O or OH 
groups and are not easily displaced by electrolyte (inner sphere complexes) 
(100)
 
. This usually occurs at low sorbate concentrations. With increasing pH or 
sorbate concentrations, precipitation can occur. When a precipitate contains 
chemical species derived from both the solution and the dissolution of the 
sorbent mineral, it is referred to as a coprecipitate (101). 
 
5.2.2. Ni sorption to granitic rocks. 
 
Three sets of experiments were performed, to study the influence of pH and ionic 
strength on Graphic Granite (GG), Granite Adamellite (GA) and Rapakivi Granite 
(RG). Results have been plotted as sorption isotherms at varying pH as shown in the 
following section. 
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Figure 5.1: Effect of varying pH on the sorption of Ni to Graphic Granite at constant metal 
concentration of Ni. Figure showing sorption profile of Ni in different ionic strength 
environments, equilibrating ca. 8 days with liquid solid ratio of 200:1, at rtp. 
 
 
Figure 5.2: Effect of varying pH on the sorption of Ni to Granite Adamellite at constant metal 
concentration of Ni. Figure showing sorption profile of Ni in different ionic strength 
environments, equilibrating ca. 8 days with liquid solid ratio of 200:1, at rtp. 
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Figure 5.3: Effect of varying pH on the sorption of Ni to Rapakivi Granite at constant metal 
concentration of Ni. Figure showing sorption profile of Ni in different ionic strength 
environments, equilibrating ca. 8 days with liquid solid ratio of 200:1, at rtp. 
 
Using Ni speciation results for the three systems studied (figure 5.9 A, B, and C) it can 
be seen that above pH 8.5 precipitation of Ni occurred. However, immobilisation 
mechanisms can include precipitation of the metal on solid surfaces (21). Thus, 
precipitation occurring at high pH values in the present of solid is considered as 
immobilisation in this work.  Deductions from experimental results for Ni sorption to 
GG thus, include:  
1) pH had no significant effect in the NaCl free solution below pH 8.5 and above 
pH 8.5. 
2) Sorption varied with pH and equilibrium state is attained after pH 8 for sorption 
in 0.05 mol dm
-3
 NaCl. 
3) Sorption in 0.1 mol dm-3 NaCl showed the same sorption profile as that in 0.05 
mol dm
-3
 NaCl. This is evident from the JChess speciation diagrams (figure 5.9). 
Speciation of Ni in the two NaCl systems studied did not vary, with Ni2+ as the 
main species. 
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Granitic rocks are composed of silanol and aluminol sites with a PZC between 4 and 5 
(102). Thus, the mineral surfaces will be negatively charged across the pH range 
studied. However, sorption showed pH dependency in 0.05 and 0.1 mol dm
-3
 NaCl 
solutions. However, in the pH region 4 to 6, there was no steep rise in sorption with pH 
for GG, GA or RG. The absence of a steep increase in sorption in the pH range 4 to 6 is 
often interpreted as being due to cation exchange on the permanently charged planar 
sites (103).  
 
Sorption in 0.05 and 0.1 mol dm
-3
 NaCl systems was affected by the presence of Na
+ 
ions competing for the sorption sites. This is obvious based on the fact sorption in the 
absence of Na
+
 ions; sorption was independent of pH within the entire pH range studied.   
Thus, despite the large charge to volume ratio of Ni, sorption is suppressed in the 
presence of Na
+
 ions below pH 7 for sorption in NaCl systems. However, above pH 8, 
no difference in the sorption profiles of the three systems is observed. 
  
Traditionally, ionic strength dependent sorption is used to distinguish between specific 
and non-specific sorption. Outer sphere complexes involve only weak electrostatic 
interactions and are strongly affected by the ionic strength of the aqueous phase, whilst 
inner sphere complexes involve much stronger covalent or ionic binding and are only 
weakly affected by the ionic strengths (100). From figures 5.1 to 5.4, it can be seen that 
the sorption process is affected by ionic strength. For solutions containing NaCl, 
sorption can be said to be inner-sphere at pH > 7. At pH > 7, there is a significant rise in 
sorption and sorption is not affected by pH. As seen in section 1.14, the mass action law 
can be applied to the surface complexation process with the stated assumptions.  
 
Thus, plotting Log Rd as a function of {pH + Log [≡SOH]} yields a linear relationship, 
the slope of which gives the proton stoichiometry of the reaction and the intercept 
defines the equilibrium constant, as shown in the figure below.  
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Figure 5.4: Log Rd as a function of pH for Ni sorption to Rapakivi Granite at constant metal 
concentration in 0.05 mol dm
-3
 NaCl solution. Figure shows region of steep rise in 
sorption within a narrow pH range (sorption edge), and region of gentle increase in 
sorption with pH. Equilibrating ca. 8 days with liquid solid ratio of 200:1, at rtp. 
  
 
Figure 5.5: Log Rd as a function of pH for Ni sorption to Graphic Granite at constant metal 
concentration in 0.05 mol dm
-3 
NaCl solution. Figure shows region of steep rise in sorption 
within a narrow pH range (sorption edge), and region of gentle increase in sorption with 
pH. Equilibrating ca. 8 days with liquid solid ratio of 200:1, at rtp. 
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Plotting Log Rd as a function of {pH + Log [≡SOH]} assumes that the activity 
(concentration) of the sorption sites is 1 (47). From figures 5.4 and 5.5 the region of 
significant (steep) rise in sorption (the sorption edge) is defined between pH 7 to 8. 
From the gradient of the plot, the proton stoichiometry (PS) is determined (47). Thus, 
from figures 5.4, and 5.5, the proton stoichiometry is 1.9 and the sorption edge is 
between 7 and 8. When sorption is not affected by variation in pH, the model used 
above (the Kurbatov model) is not applicable, since there is no region of significant rise 
in sorption with pH, under the stated experimental conditions. 
 
 
Figure 5.6: Log Rd against pH for Ni sorption to Biotite Granite, and Grey Granite at constant 
metal concentration in 0.1 mol dm
-3
 NaCl solution. Figure shows no region of steep rise in 
sorption (sorption edge), and no region of gentle increase in sorption with pH. 
Equilibration time: ca. 8 days with liquid solid ratio of 200:1, at rtp. 
 
The relationship (equation 1.12) is applicable in the region of steep rise in adsorption 
with pH (41). Values of ‘x’ greater than unity suggest a mixed reaction type. Analysing 
the results based on the above model yielded proton stoichiometry values for Ni 
sorption to granitic rocks. 
y = 0.086x - 0.12 
R² = 0.81 
-1.5 
-0.5 
0.5 
1.5 
2.5 
3.5 
4 5 6 7 8 9 10 11 
L
o
g
 R
d
 
pH 
Variation of Log Rd with pH for Ni sorption to BG, GrG and GG  at 
constant metal concentration ( NaCl free system) 
BG 
GrG 
GG 
 
 
133 
 
Table 5.1: Ni sorption to granitic rocks at constant metal concentration and the application of the 
mass action law. Log Ke values are derived from the slope, at the region of steep rise in 
sorption with pH. Model did not apply to BF and GrG.  
pH dependent Sorption. 
I = 0.1 
(mol dm
-3
) 
I = 0.05 
(mol dm
-3
) 
NaCl free
 
 SE pH PS Log Ke SE pH PS Log Ke SE pH PS Log Ke 
GG 7-8.5 1.13 -13.71 7.5-9 1.4 -10.6 No fit   
GA 7-9.5 0.75 -5.72 7.85 1.2 -10.6 No fit   
RG 7.5-8 0.73 -5.70 7-8.2 1.1 -6.9 No fit   
 
Where, SE pH = sorption edge pH 
PS = proton stoichiometry 
Ke = the equilibrium constant for the reactions that lead to the protonation/ deprotonation reaction as 
applied in the electric double layer model.  
 
From the results shown in table 5.1 some conclusions can be reached.  
1) There is no region of steep rise in sorption, for NaCl free solution for all 
granitic rocks studied; 
2) Sorption to Biotite Granite (BG) and Grey Granite did not vary with pH for 
all three systems studied (as shown in Appendix 5.1)  since there is no region 
of steep rise in sorption with pH ; 
3) The concentration of Na+ ions affected the sorption of Ni2+ in 0.05 and 0.1 
mol dm
3
 NaCl solutions below the sorption edge. 
 
Understanding the sorption behaviour and properties of granitic rocks is complex. 
Sorption of metallic ions on to granitic surfaces will depend on the mineralogical 
composition of the granitic rock; rocks with high quartz content will be low sorbing, 
based on the low sorption capacity of quartz as seen in the last chapter, as also shown 
by Ticknor (57) . 
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The complexity of the sorption process to heterogeneous materials such as granite will 
depend amongst other parameters on the net surface charge, which in itself depends on 
the point of zero charge of the individual minerals of the bulk sample, and the structure 
of the granitic sample in general. This will affect the diffusion of particles (non 
electrostatic sorption) into the microstructure, as such affecting the net retention 
property of the granitic rock. Due to the lack of literature data on work relating to the 
sorption of Ni to bulk samples such as granitic rocks across the pH range, it has not 
been possible to compare the results obtained. However, sorption data obtained for the 
rest of the experiments in this chapter has been treated following the same approach, but 
in some only the sorption parameters are shown. 
 
5.2.3 Ni Sorption to granitic minerals 
 
5.2.3.1 Introduction 
 
Quartz, feldspar and mica are the major constituent minerals of most granitic rocks. 
However, due to their structural and chemical differences, radionuclide retardation on 
the surfaces of these minerals might vary. As seen in chapter 3, quartz is low sorbing 
compared to mica at constant pH. As the pH of the solution changes, the potential for 
OH groups on the mineral surfaces to be protonated or deprotonated changes. This 
process of protonation/deprotonation depends on the point of zero charge of the mineral. 
 
Quartz constitutes about 25 to 50% by weight composition depending on the granite 
type (4) (61). SiO2 is the main constituent of quartz. Quartz has been reported to sorb 
radionuclides very weakly compared to other minerals such as feldspars and biotite 
(104). Biotite has one of the four silicon atoms substituted by an aluminium atom, 
creating a negative charge which is balanced by potassium cations which hold adjacent 
layers together (105). Feldspars are anhydrous three-dimensional aluminosilicates of 
linked SiO4 and AlO4 tetrahedra that contain cavities that can hold mono and divalent 
cations to maintain electrical neutrality (26). They can be divided into two main groups; 
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alkali feldspars ranging from K aluminosilicates (Orthoclase Feldspars) and Na to Ca 
aluminosilicates (Plagioclase Feldspars). 
 
5.2.3.2 Results from sorption experiments and modelling with JChess Geochemical 
code 
 
In the surface complexation model, the surface sites are treated as amphoteric groups. 
Protonation or deprotonation reactions occur on the surface groups resulting in charged 
surfaces onto which metal ions bind. Consider the sorption of Ni to a mineral with 
surface ≡SOH, the following are possible: 
 
≡SOH ⇌ SO- + H+ → deprotonation 
≡SOH + H+ ⇌ SOH2
+
 → protonation 
Surface complexation equation for the deprotonation reaction will be written as: 
   ≡SOH + Ni2+ ⇌ ≡SONi+ + H+ 
The equilibrium constant for the reaction can thus, be written   
2
SONi H
SOH Ni
K  
The equilibrium constant defined above is thus, corrected for electrostatic interactions to 
obtain the intrinsic equilibrium constant as shown below (106): 
H ( / )
2 2
Ni
SONi H
 
SOH  Ni
F RT
SK e  
 
Where S is the surface, F is the Faraday constant (magnitude of electric charge per mol 
of electron C mol
-1), ψ is the surface potential (V), R is the real gas constant (J K-1 mol-
1
), and T is the temperature (K), γNi
2+ and   γH
+
 are the activity coefficients of Ni and H
+
 
respectively.  
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Most methods by which the intrinsic equilibrium constant for the surface complexation 
of metal ions to mineral surfaces is determined involves, the application of geochemical 
codes such as; PHREEQC, MINTEQA2 and JChess (106) (103) (35). In this work 
JChess geochemical code by Ecole de Mines de Paris France (35) provided by 
Loughborough University has been used. Results from sorption experiments are 
presented in the following sections. Experimental results are accompanied in some cases 
by surface complexation based predictive models.  
 
5.2.3.2.1 Ni sorption to quartz 
 
Rose Quartz (RQ) was chosen as a representative sample of quartz. Ni sorption to RQ 
showed that below pH 8, sorption was low ( mean Rd values below pH of 8 were < 5 
cm
3
 g
-1
, while above pH > 8 the mean Rd was 1.7 cm
3
 g
-1
)
 
and not affected by pH.  Na
+
 
ions did not affect the sorption capacity below pH of 8. The observed low sorption 
capacity can be due to reduced protonation/deprotonation at the silica structure. As the 
pH increases, the Si-O-Si bond breaks, resulting in charged surfaces such as Si-O
-
 onto 
which Ni
2+ 
ions bind. A steep rise in sorption is observed above pH of 8. Sorption 
parameters are shown in table 5.3. Proton stoichiometry (proton stoichiometry is the 
number of protons released or adsorbed the surface sites to form ≡SO- or ≡SOH2
+
) 
values close to 2 are calculated for MM and RQ, for sorption in 0.1 mol dm
-3
 NaCl 
solution. 
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Figure 5.7: Varying pH sorption of Ni to Rose Quartz at constant metal concentration of Ni. Figure 
showing sorption profile of Ni in different ionic strength environments, equilibrating ca. 8 
days with liquid solid ratio of 200:1, at rtp. Two sorption regions are shown relating 
sorption by CE and by SC. 
 
Figure 5.7B: Log Rd as a function of pH for Ni sorption to Rose Quartz at constant metal 
concentration in NaCl free solution. Figure shows region of steep rise in sorption within a narrow 
pH range (sorption edge), and region of gentle increase in sorption with pH. Equilibrating ca. 8 
days with liquid solid ratio of 200:1, at rtp. 
 
 
5.2.3.2.1.1 Results from surface complexation modelling-Quartz 
   
Titrimetric experiments were conducted to determine the proton exchange capacity for 
different minerals (measured equivalence points from titrimetric measurements with 
NaOH are shown in appendix 4). The surface charge was calculated, using BET surface 
area measurements. Surface complexation input parameters, such as; proton exchange 
capacity, particle radius, temperature, equilibration time and pH were used in the 
surface complexation modelling.  Using the data obtained from the JChess code, to plot 
sorption isotherms required corrections to be made to the output data. The output 
dataare given in mol dm
-3 
(fixed concentration). However, the data were converted to 
mol g
-1
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surface complexation model, the denticity of the process is used. Denticity is defined 
here as the number of Ni or Eu ions that are bonded to the surface site. As such, mono 
and bidentate bonding refers to Ni/Eu atoms bonded to one of more surface sites. 
 
Figure 5.8 is the varying pH sorption isotherms for Ni sorption to Rose Quartz, showing 
data obtained from experiment and modelling, using JChess using Log K = -7 for mono 
and bidentate binding. Output parameters were collected and are stated in table 5.2. 
 
 
 
Figure 5.8: Varying pH sorption isotherms for Ni sorption to Quartz. Figure showing data from 
experimental data and data obtained from JChess Code, using the same experimental 
conditions, modelling done assuming mono and bidentate complex formation.  
Equilibrating ca. 8 days with liquid solid ratio of 200:1, at rtp. 
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presented in the appendix 4. Comparing the modelled and experimental isotherms 
(Figure 5.8), it can be seen that both sets of data showed similarities as stated below: 
  Sorption did not vary with pH for both modelled and experimental data, below pH 8: 
 Sorption capacity was low below pH 8 for both sets of data. 
 The sorption edge (region of significant rise in sorption within a narrow pH 
change) determined from the Kurbatov model (Log Rd against pH plots are 
referred to as Kurbatov plots derived from the Kurbatov model. Figure 5.7B 
shows an example of the Kurbatov plot) is similar to that from JChess. From 
figure 5.8 it can be seen that sorption showed a significant increase within pH 
range of 7.5 and 8.5. This narrow pH is called the sorption edge pH. Sorption 
parameters are shown in table 5.3 for Ni sorption to granitic minerals.  
 Despite the similarities in the experimental and theoretical model, two major 
differences are apparent: 
1. The models differed in the maximum amount of Ni bound. From the isotherms, 
the maximum amounts of Ni bound at the region of steep rise in sorption are 1.3 
x 10
-6
 and 2.2 x 10
-6
 mol g
-1
 for experimental and theoretical models 
respectively. 
2. The JChess model showed that sorption decreases to zero at pH 11, whereas for 
the experimental data, sorption showed saturation. 
 
The reason for the difference between the two models can be due to the purity of the 
mineral. Quartz (Rose Quartz) found in environmental samples can contain impurities 
such as titanium, iron and manganese, in the crystal structure (107). These impurities 
can affect the overall sorption capacity of the mineral. Another reason can be due to 
sorption due to non electrostatic forces (as in SC models); impurities in the crystal 
structure of the mineral can alter the SiO4 tetrahedra structure, resulting in intraparticle 
diffusion. From the speciation of Ni, above pH 8 the main species present in solution 
are Ni(OH)2 and Ni(OH)3
-
 ( see figure 5.10). These species will not favour the sorption 
by electrostatic interaction because of the neutrality of [Ni(OH)2] and negative charge of 
Ni(OH)3
-
. The neutrality and charge of Ni(OH)2  and Ni(OH)3
-
 do not affect intraparticle 
diffusion, which has not been accounted for in this work. Despite the electronic 
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neutrality and negative charge on some of the Ni species, sorption can occur though 
other mechanisms such as ligand exchange with partially deprotonated silanol groups 
(108) (109). Another reason can be due to the non attainment of equilibrium or steady 
state in the experimental system which can result in overall low sorption capacity of the 
system.  
 
 
A 
B 
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Figure 5.9 A, B and C: Ni
2+
 aqueous speciation, showing the variation of Ni metal concentration 
with pH in different NaCl systems. The expanded Y-axis for the speciation above pH 8 is 
shown in the figure below, with the major species being, Ni(OH)2 and Ni(OH)3
- (35) 
 
 
Figure 5.10: Expanded Y-axis showing Ni aqueous speciation in the pH range 8-11, showing the 
major species Ni(OH)2  and Ni(OH)3
-
 probably responsible for Ni sorption within the pH 
range 8 to 11 (35). 
C 
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Modelling the experimental data required the adjustment of input parameters, such as 
the mineral composition, the Log K values for the metal-solid complex formation taking 
into consideration the fact that two types of complexes may be formed (monodentate 
and bidentate) and the particle radius. Thus, the complexation constants are obtained 
from fitting the JChess data to the experimental model.  For the simple case (NaCl free 
solution), the following input parameters were used; exchange capacity 5 x 10
-2
 µmol 
m
-2 
calculated from titrimetric experiments with 0.1 g of Rose Quartz (particle size of 46 
to 250 microns) and Log K values of -5 for both monodentate (Quartz-O-Ni
+
) and 
bidentate (Quartz-O)2Ni. Based on the calculation from JChess, the output console 
showed the concentration of Ni to be 1.8 x 10
-11
 and 4.9 x 10
-22
 mol dm
-3
 for 
monodentate and bidentate binding respectively. The implication is that at the 
determined Log K values for monodentate and bidentate formation, the sorption of Ni to 
quartz is overwhelmingly monodentate. 
 
The effect of NaCl on the complexation of Ni to quartz is summarised (for NaCl free, 
0.05 and 0.1 mol dm
-3
 NaCl) in terms of the number of Ni bonded sites present in the 
system, as shown in table 5.2, using the same Log K value of -7 for mono and bidentate 
formations, as was used for Ni sorption to quartz in NaCl free system. 
 
≡Quartz-OH + Ni2+ ⇌ ≡Quartz-ONi+  Log K = -7 
≡Quartz-OH + Ni2+ ⇌ (≡Quartz-O) 2Ni Log K = -7 
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Table 5.2: Concentration of site occupancy for Ni sorption to quartz in different NaCl 
environments. Log K value of -7 for mono and bidentate systems. Exchange capacity 5 x 
10
-2
 µmol m
-2
 calculated from titrimetric experiments with 0.1 g of Rose Quartz (particle 
size of 46 - 250 microns). Figures in table relate to the concentration of metal- solid binding 
sites in the system as calculated by the JChess output. Values show that sorption is 
overwhelmingly monodentate. 
Site 
NaCl free 
(mol dm
-3
) 
0.05 mol dm
-3
 NaCl 
(mol dm
-3
) 
0.1 mol dm
-3
 NaCl 
(mol dm
-3
) 
≡Quartz-O-Na - 7.9 x 10-9 1.4 x 10-11 
≡Quartz-O-Ni+ 1.8 x 10-11 1.5 x 10-12 3.8 x 10-12 
 (≡Quartz-O)2Ni 4.9 x 10
-22
 3.6 x 10
-23
 1.0 x 10
-18
 
 
From table 5.2 the most probable sorption mechanism can be determined based on the 
concentration of the sites. From the table, a monodentate complexation with Ni is the 
most likely to form in solution. The table also shows the effect of Na
+
 on the available 
sorption sites. Comparing modelled data for the three systems, results show that the 
maximum amount bound was in the order: 9.4 x 10
-6
 mol g
-1
 (NaCl free) > 6.5 x 10
-6
   
(0.05 mol dm
-3
 NaCl) > 3.2 x 10
-6
 (0.1 mol dm
-3
 NaCl), all values at the pH of 
maximum sorption. Thus, it can be concluded that the presence of NaCl in solution 
affected the sorption capacity of quartz. However, modelled data for sorption in NaCl 
systems gave a poor fit to the experimental data as shown in appendix 4. 
 
5.2.3.2.2 Ni sorption to Orthoclase Feldspar 
 
Feldspars are anhydrous three-dimensional aluminosilicates of linked SiO4 and AlO4 
tetrahedra that contain cavities that can hold mono and divalent cations to maintain 
electrical neutrality (26). They can be divided into two main groups; alkali feldspars 
ranging from K aluminosilicates (Orthoclase Feldspars) and Na to Ca aluminosilicates 
(Plagioclase Feldspars). Feldspar minerals are thermodynamically unstable in the near-
surface environment and their surfaces are well known to react readily with aqueous 
solutions, leading to incongruent dissolution at low pH values, but congruent dissolution 
at neutral and high pH values (110). Orthoclase Feldspar (OF) is chosen as a 
representative sample of feldspar. Orthoclase is a common constituent of most granitic 
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rocks. Typically, the pure potassium end-member of orthoclase forms a solid solution 
with albite, (plagioclase feldspar mineral).  
 
Results obtained from varying pH experiments in three different NaCl environments are 
shown in the isotherms figure 5.11. From the results regions of significant rise in 
sorption are observed for the three systems, from which proton stoichiometry are 
defined as shown in table 5.3. Between pH of 3.5 and 7.5, sorption showed a gentle 
increase, governed by cation exchange process. However, sorption showed a significant 
increase between pH 7.5 to 9.5 as shown in figure 5.12. The effect of NaCl is not clearly 
seen. The fact that Ni sorption to feldspar showed similar pattern in the three systems 
studied (figure 5.11) is supported by modelled data presented in table 5.4. Sorption 
parameters are shown in table 5.3.   
 
Figure 5.11: Varying pH sorption of Ni to Orthoclase Feldspar in different concentrations of NaCl, 
at constant metal concentration of Ni, equilibration ca. 8 days with liquid solid ratio of 
200:1, at rtp. 
 
Granitic rocks mineral particles can be represented as a semi-infinite homogeneous 
porous solid which bears a permanent negative charge uniformly distributed, resulting 
from isomorphic substitution in the structure (111). Thus, granitic minerals such as 
feldspars may sorb radionuclides in a large pH range, as seen in figure 5.11.  Sorption 
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spans a large pH range with no clearly defined region of steep rise in sorption, 
indicating that sorption can be dominated by cation exchange mechanism and surface 
complexation, involving both weak and strong sites (The “strong sites,” have a high 
affinity for metals, and are responsible for adsorption at low metal concentrations, and 
the “weak sites,” play a role only at high pH or high metal concentrations, when the 
strong sites are saturated (111). The proton stoichiometry was calculated in the range 
0.5 to 1 highlighting low deprotonation involved in the system. The proton 
stoichiometry relates to the number of protons released in the solid-metal complexation 
process. Highly deprotonating systems will have proton stoichiometry >1, as such the 
metal-solid complex formation will be controlled by the pH of the system. Thus, from 
the results obtained for Ni sorption to feldspar, it can be concluded that no single 
mechanism (CEC and SCM) is solely applicable to the sorption results obtained. 
 
 
Figure 5.12: Log Rd variation with pH for Ni sorption to Orthoclase Feldspar. Figure relates to 
figure 5.11 (0.1 mol dm
-3
 NaCl system). Figure shows region of significant rise in sorption 
with pH, with the slope defining the proton stoichiometry (< 1) and the deprotonation 
constant as the intercept. 
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Table 5.3: Varying pH sorption of Ni to granitic minerals at constant metal concentration. Table shows the proton stoichiometry at the stated sorption edges, 
obtained from the gradient in region of significant rise in sorption with pH. Values derived from plots similar to that shown in figure 5.12. The model 
is not applicable to BM and MM due to the absence of region of steep rise in sorption. 
Varying pH sorption of Ni to granitic minerals 
Sample 
I = 0.1 
(mol dm
-3
) 
I = 0.05 
(mol dm
-3
) 
 
NaCl free 
mol dm
-3 
 
 SE pH PS Log Ke SE pH PS Log Ke SE pH PS Log Ke 
RQ 8.5-10 1.9 -15.4 8.5-9.5 2.6 -22.6 8.5-9.5 2.7 -25.7 
MQ 8.5-10 1.9 -15.2 8.5-10 2.6 -22.48 8.5-10 1.66 -22.01 
OF 7-9.5 0.5 -4.9 7.5-10 0.65 -2.72 8.5-11 0.43 -1.23 
PF 8.5-9.5 0.7 -3.2 8.5-9.5 1.03 -6.65 9.5-11 0.69 -3.49 
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5.2.3.2.2.1 Results from surface complexation modelling-feldspar 
 
Surface complexation modelling was performed with feldspar in the presence of 0.1 mol 
dm
-3
 Na
+
 ions. The proton exchange capacity for OF was calculated as 3.1 x 10
-2 
µmol 
m
-2
 from titration 0.1 g of feldspar with 2 M NaOH and particle radius of 2.7 nm. 
Titration curves are shown in appendix 4. Running the program with stated output 
parameters, the concentration of fixed Ni was calculated at different pH values. Setting 
Log K values at -1 and -1.5 for monodentate and bidentate respectively, the data 
obtained were compared with the experimental data as shown in figure 5.13.  The 
JChess isotherm was the best fit for the stated condition. 
 
≡Feldspar-OH + Ni2+ ⇌ ≡Feldspar-ONi+  Log K = -1.0 
≡Feldspar-OH + Ni2+ ⇌ (≡Feldspar-O) 2Ni  Log K = -1.5 
 
Figure 5.13 shows the sorption profile for Ni
2+
 in 0.05 mol dm
-3
 NaCl. The results from 
the JChess model and the experimental data did not show any major differences.   The 
conclusion is that there was a region of steep rise in sorption, and sorption increased 
gently with pH. 
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Figure 5.13:  Varying pH sorption isotherms for Ni sorption to Orthoclase Feldspar. Figure 
showing data from experimental data and modelled, using the same experimental 
conditions, modelling done assuming mono and bidentate complex formation.  
Equilibrating ca. 8 days with liquid solid ratio of 200:1, at rtp. 
 
From figure 5.13, it can be concluded that the modelled data fitted the experimental data 
and sorption could be described thermodynamically using the assigned Log K values of 
-1 and -1.5 for mono and bidentate binding respectively, for Ni sorption in 0.05 mol dm
-
3
 NaCl systems. 
 
JChess was used to model the effect of NaCl in the system, by running the program for 
NaCl free, 0.05 mol dm
-3
 NaCl systems and 0.1 mol dm
-3
 NaCl systems. Experimental 
results obtained for Ni
2+
 sorption to feldspar in the three systems (figure 5.11) showed 
that the sorption profiles for the three systems did not vary, despite the presence of 
different amounts of NaCl in solution. Thus, this section aims to model sorption in the 
three systems and to observe the effect of NaCl using the concentration of sorption sites 
(Ni-Solid and Na-Solid) for the three systems. The concentration of sorption sites 
present is directly related to the sorption capacity. 
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Comparing the three systems (NaCl free, 0.05 and 0.1 mol dm
-3
 NaCl) based on output 
report from JChess; results showed that Na
+
 did not affect the sorption in all three 
systems. No complexation of Na
+
 with the surface was observed at the stated 
conditions. The results are in agreement with observation from the experimental data 
(figure 5.11, no major difference is observed in the sorption profile for all three 
systems). 
 
Table 5.4: concentration of site occupancy for Ni sorption to feldspar in different NaCl 
environments. Log K values of 0.1 and -0.5 were used for mono and bidentate systems respectively. 
Exchange capacity 3.1 x 10
-2
 µmol m
2 
calculated from titrimetric experiments with 0.1 gram of 
feldspar (particle size of 46 - 250 microns). Table shows no major difference between the three 
systems and sorption is dominated by the formation of monodentate complexes. The absence of Na-
Solid complex formation indicates Na
+
 is passive in the systems thus, no effect on the sorption 
profile. 
Site 
NaCl free 
(mol dm
-3
) 
0.05 mol dm
-3
 NaCl 
(mol dm
-3
) 
0.1 mol dm
-3
 NaCl 
(mol dm
-3
) 
≡Feldspar-O-Na - - - 
≡Feldspar-O-Ni+ 4.6 x 10-8    4.7 x 10-8    4.6 x 10-8    
(≡Feldspar-O)2Ni 1.0 x 10
-16
    5.9 x 10
-18
    5.2 x 10
-18
    
 
 
From table 5.4 above the following conclusions can be drawn; 
1. NaCl did not affect the sorption of Ni, in all three systems. This has been 
shown experimentally (see figure 5.11) and by surface complexation 
modelling.  
2. The most probable complexation mode is by Si-O-Ni complex (i.e. 
monodentate binding.    
 
5.2.3.2.3 Ni Sorption to Muscovite Mica 
 
Varying pH sorption experiments were performed in similar manner as those of quartz 
and feldspar. Analysing the data within the pH range studied showed that the sorption 
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capacity did not vary. The sorption capacity (2 x 10
-3
 mol g
-1
) did not vary from low to 
high pH. Layered silicates contain two types of surface adsorption sites: those with a 
permanent charge, formed as a result of isomorphic substitution in the crystal structure, 
and with a pH-dependent charge appearing because of protonation or deprotonation of 
hydroxyl groups on the basal or edge surfaces of the tetrahedral or octahedral layers. Ion 
exchange reactions usually take place on the basal surface, where sites with an 
unbalanced structural charge are located. For mica, this charge is negative, and the 
sorption of cations on these sites only slightly depends on the pH value of the solution 
(112). One other reason for the constancy in the sorption capacity from low to high pH 
can be due to the position on the point of zero charge (pH at which the net surface 
charge is zero,) on the pH scale. With PZC for silicate minerals reported to be close to 
2, and 4 to 6 for alumina minerals (113), it is expected that PZC for mica will be < 4. At 
PZC < 4 the surfaces will be negatively charged when present in a pH environment > 4, 
resulting in constancy in the sorption capacity. 
 
 
In varying pH systems, adsorption sites are concentrated at edges ending with aluminol 
or silanol groups, which can accept or donate a hydrogen ion causing the appearance of 
an unbalanced surface charge. In contrast to ion exchange, surface complexation is 
determined by the pH value of the medium (112). Maslova et al. (112), studying the 
surface properties of cleaved mica, showed that only 5 to 10% of the total charge at pH 
7 is due to pH-dependent adsorption sites. Hence, the ion exchange can take place at 
higher pH values. Thus, the following conclusions can be made:  
 
1. Ni sorption is not affected by pH. 
2. Ni sorption is not affected by the presence of NaCl.  
3. Sorption is not affected by competition with Na ions. 
4. Cation exchange represents the major sorption mechanism. 
 
The high sorption capacity at low pH can be attributed to the mica structure; cations 
found in the interlayer hold the sheets together. In solutions there is dissolution of the 
cations holding the layers together, resulting in excess permanent changes on the mica 
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surfaces (114). This excess permanent negative charge is responsible for the high 
sorption capacity at low pH.  
 
 
Figure 5.14: Varying pH sorption of Ni to Muscovite Mica at constant metal concentration of Ni. 
Figure showing sorption profile of Ni in different ionic strength environments,   
equilibrating ca. 8 days with liquid solid ratio of 200:1, at rtp. 
 
5.2.3.2.3.1 Results from surface complexation modelling-Mica 
 
The presence of permanent negative charge on the mica surface will cause surface 
complexation with metal ions. JChess geochemical code was used to model the sorption 
of Ni to Muscovite Mica (composition provided by JChess data base) as a representative 
sample of mica. The proton exchange capacity for Muscovite Mica (MM) was 
calculated as 70.4
 
µmol m
-2
 from titration of 0.1 g of MM with 1 M NaOH and particle 
radius of 2.8 nm. Titration curves are shown in appendix 4. Running the program with stated 
output parameters, the concentration of fixed Ni was calculated at different pH values. Setting 
Log K value at Log K = 5 for mono and bidentate. The data obtained were compared with the 
experimental data as shown in figure 5.15.   
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≡Muscovite-OH + Ni2+ ⇌ ≡ Muscovite-ONi+ Log K = 5 
≡Muscovite-OH + Ni2+ ⇌ (≡Muscovite -O) 2Ni Log K = 5 
 
 
Figure 5.15: Varying pH sorption isotherms for Ni sorption to Muscovite Mica. Figure showing 
data from experimental data and data obtained from JChess Code, using the same 
experimental, equilibrating ca. 8 days with liquid solid ratio of 200:1, at rtp. 
 
Results showed no major difference between the experimental and the model. The 
following conclusions can be made: 
1. Sorption takes place from low to high pH, for both predicted and experimental 
models. 
2. The same sorption capacity is attained for both modelled and experimental data. 
 
Running the JChess program in the presence of different concentrations of NaCl 
produced the data shown in table 5.5. 
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Table 5.5: concentration of site occupancy Ni sorption to Muscovite Mica in different NaCl 
environments. Exchange capacity 3.1 x 10
-2
 µmol m
2 
calculated from titrimetric 
experiments with 0.1 gram of MM (particle size of 46 - 250 microns). Table shows no 
significant difference between the three systems and sorption is dominated by the 
formation of monodentate complexes. 
Site 
NaCl free 
(mol dm
-3
) 
0.05 mol dm
-3 
NaCl 
(mol dm
-3
) 
0.1 mol dm
-3
 NaCl 
(mol dm
-3
) 
≡muscovite-O-Na - - - 
≡muscovite-O-Ni+ 9.9 x 10-6    1.0 x 10-5    1.0 x 10-5   
(≡muscovite)2Ni 2.2 x 10
-15
     4.4 x 10
-17
    2.2 x 10
-17
 
 
 
The results shown in table 5.5 indicated that NaCl did not influence the sorption based 
on the total number of sorption sites. These results confirm experimental findings that 
showed NaCl had no effect on the sorption of Ni to mica.  
 
5.2.4 
152
Eu sorption to granitic rocks 
 
 
To investigate Eu sorption to granitic rocks, varying pH sorption experiments were set 
up in different NaCl concentrations as described in the experimental section. Three sets 
of experiments were performed, to study the influence of pH and ionic strength on 
Graphic Granite (GG), Granite Adamellite (GA) and Rapakivi Granite (RG). Results 
have been plotted as concentration of metal bound vs. pH. Results for the three rocks 
are shown in figures 5.16-5.18 below. The results show: 
1. Varying pH had no effect to sorption in 0.05 and 0.1 mol dm-3  NaCl systems 
2. Sorption varied with pH below pH 7 for sorption in NaCl free system. Saturation 
was attained after pH 8. 
3. Sorption in varying pH showed similar sorption profiles in both NaCl systems. 
 
Experimental set up and conditions are explained in the experimental section.  Because 
of the chemically heterogeneous nature of granite, the sorption behaviour is assumed to 
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be the sum of the properties of the constituent minerals, following the generalised 
composite model (It assumes that a mineral assemblage is too complex to be described 
as a superposition of the individual phases. In this approach, sorption is described using 
generic sites (notation: ≡SOH) and the values of the site densities and formation 
constants are obtained by fitting the experimental data (115). Based on this assumption, 
it is possible to determine the proton stoichiometry for the entire granitic sample. Thus, 
the mass action law was applied to the sorption data. Sorption parameters are shown and 
the sorption edge is determined for different granitic rocks. 
 
Figure 5.16: Varying pH sorption of Graphic Granite at constant metal concentration of Eu. Figure 
showing sorption profile of Eu in different ionic strength environments, equilibrating ca. 8 
days with liquid solid ratio of 200:1, at rtp. 
5.0E-07 
1.3E-06 
2.1E-06 
3 5 7 9 11 
E
u
 b
o
u
n
d
 (
 m
o
l 
g
-1
) 
pH 
Sorption isotherms for Eu sorption to GG at constant metal 
concentration. 
NaCl free 
0.05 M NaCl 
0.1 M NaCl 
 
 
155 
 
 
Figure 5.17: Varying pH sorption of Granite Adamellite at constant metal concentration of Eu. 
Figure showing sorption profile of Eu in different ionic strength environments, 
equilibrating ca. 8 days with liquid solid ratio of 200:1, at rtp. 
 
 
Figure 5.18: Varying pH sorption of Rapakivi Granite at constant metal concentration of Eu. 
Figure showing sorption profile of Eu in different ionic strength environments, 
equilibrating ca. 8 days with liquid solid ratio of 200:1, at rtp. 
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From the results presented in figures 5.16 to 5.18, it is evident that there was no region 
of significant rise in sorption with pH in the entire pH range studied. As such proton 
stoichiometry is not calculated for Eu sorption in 0.05 and 0.1 mol dm
-3
 NaCl. 
However, for sorption in NaCl free solution, the proton stoichiometry is defined in the 
region of significant rise in sorption with pH as shown in figure 5.19. Sorption 
parameters are shown in table 5.6. 
 
It can be said that the sorption of Eu
3+
 on granite is complex with multiple surface 
species showing different behaviour (74). Recent work (in 2009) by Ishid et al. has 
shown that sorption of Eu to granite was governed by sorption of Eu to feldspar present 
in the granite, and sorption was by inner and outer sphere complexation. However, 
based on the observation in figures 5.16 to 5.18, Na
+
 ions in solution enhanced the 
sorption of Eu below pH 7. One reason for this observation can be due to the 
modification of sorption sites. This modification of sites can lead to increased sorption 
at lower pH. Eu strongly hydrolysed at pH levels above 6, the strong hydrolysis makes 
the Eu fully hydrolysed at pH 8 to 9, and therefore exhibits a strong sorption on mineral 
surfaces (116). 
 
Figure 5.19: Log Rd-pH plot for Eu sorption to Granite Adamellite at constant metal concentration 
in NaCl free solution. Figure shows region of steep rise in sorption within a narrow pH 
range (sorption edge), and region of gentle increase in sorption with pH. Equilibrating ca. 8 
days with liquid solid ratio of 200:1, at rtp. 
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Figure 5.20: Log Rd-pH plot for Eu sorption to Granite Adamellite at constant metal concentration 
in NaCl free solution. Figure shows region of steep rise in sorption within a narrow pH 
range (sorption edge), and region of gentle increase in sorption with pH. Equilibrating ca. 8 
days with liquid solid ratio of 200:1, at rtp. 
 
Table 5.6: Eu sorption to granitic rocks at constant metal concentration and the application of the 
mass action law. Log Ke values are derived from the slope, at the region of steep rise in 
sorption with pH. Table shows that the Kurbatov model was not applicable as no sorption 
edge was defined. 
Varying pH sorption of Eu to granitic rocks 
Sample 
 
NaCl free 
(mol dm
-3
) 
 
 SE pH PS Log Ke 
Graphic Granite (GG) 7-8 1.3 -9.7 
Granite Adamellite (GA) 7-8 1.58 -8.8 
Rapakivi  granite (RG) 7-8 1.2 -6.01 
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5.2.5 Eu sorption to granitic minerals 
 
5.2.5.1 Introduction 
 
A description of granitic minerals was made in section 5.2.3, followed by SC modelling 
studies. In this section, Eu sorption will be examined in different concentrations of Na
+
 
ions. This section aims at: 
1. Studying the variation of sorption with pH. 
2. Defining the sorption edge. 
3. Defining the Log K values that fit the experimental data. 
4. Defining the type of complexation formed. 
5. Studying the effect of NaCl regarding the sorption capacity. 
6. Defining the sorption sites the type of surface binding. 
 
5.2.5.2 Eu sorption to Rose Quartz, Orthoclase Feldspar and Muscovite Mica 
 
The interaction of quartz with Eu is of importance particularly from the view point of 
deep geological storage/disposal. It is suggested that the Eu species in solution may sorb 
onto silica-water interfaces by inner sphere bidentate complexation
 
(117). The 
importance of Eu sorption to mica cannot be overstated. Results for Am (usually 
substituted by Eu in the study of actinide retardation in the geomedia) sorption to 
granite showed that sorption was controlled by sorption to Biotite Mica (74).The same 
studies showed that Eu sorption to granitic rocks was dominated by feldspar.  To 
investigate the effect of ionic strength as well as pH, two sets of experiments, in the 
presence of 0.1 and 0.05 mol dm
-3
 NaCl, were used with a control having no NaCl 
present. The experimental procedures are explained in the chapter 2 of this thesis. Some 
results are presented in the following sections. 
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Figure 5.21: Varying pH sorption of Eu to Rose Quartz at constant metal concentration of Eu. 
Figure showing sorption profile of Eu in different ionic strength environments, 
equilibrating ca. 8 days with liquid solid ratio of 200:1, at rtp. 
 
 
Figure 5.22 Varying pH sorption isotherms for Eu sorption to Rose Quartz. Figure showing data 
from experimental data and data obtained from JChess Code, using the same experimental 
conditions, modelling done assuming mono and bidentate complex formation, equilibrating 
ca. 8 days with liquid solid ratio of 200:1, at rtp. 
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5.22 shows the comparison between the sorption profiles of modelled and experimental 
data for Eu sorption to Rose Quartz in NaCl free solution. Assuming mono and 
bidentate binding (for modelled data), and exchange capacity of quartz (0.06 µmol m
-2
) 
determined from titrimetric experiments, Log K value (-2.5) for the sorption of Eu was 
described as shown the equations below. 
 
≡QuartzOH + Eu3+ ⇌ ≡ QuartzOEu2+   Log K = -2.5 
≡ QuartzOH + Eu3+ ⇌ (quartz -O)2Eu
+  
Log K = -2.5 
 
Based on figure 5.22, it can be seen that the modelled data fitted to the experimental for 
the determined Log K values of -2.5 for mono and bi dentate binding. Application of the 
mass action law (equation 5.2) to the experimental data gave Log Ke value of -0.8. The 
difference between the equilibrium constants derived from the mass action law and the 
JChess, modelling can be as a result of experimental errors and purity of sample. Above 
pH 9 disagreements between the modelled data and experimental data were observed.  
Above pH of 9, Eu sorption decreased to 3.0 x 10
-8 
mol g
-1
 for the model, while 
experimental data showed sorption to be high (1.5 x 10
-6
 mol g
-1
). The difference in the 
sorption could be as a result of precipitation at pH values above 9.  Above pH 9, 
lanthanides (Eu) are fully hydrolysed, and they therefore exhibit a strong sorption on 
mineral surfaces (116). The effect of NaCl on Eu sorption is shown in figure 5.21, it can 
be concluded that Eu sorption is enhanced at pH < 9, in the presence of NaCl. Nordén 
(1994) used Eu as a tracer during the studies quartz and alumina. In the systems studied, 
Kd reached a value > 3 m
3
/kg with quartz and alumina as solid phases (118), 
highlighting strong Eu sorption at high pH values as also shown in this section.  
 
 
Results for Eu sorption to feldspar are presented in the following section. Figure 5.23, 
shows the sorption isotherms for Eu sorption to feldspar in the three systems studied. As 
was the case with Eu
3+ 
sorption to quartz, Eu sorption to feldspar is also enhanced in the 
presence of NaCl at pH < 7. Proton stoichiometry derived from the gradients of Log Rd-
pH plots gave values < 1 for Eu sorption in the three systems. PS values < 1 (pH < 7) 
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show that no region of steep rise in sorption is defined (figure 5.23). Mean Rd value 
(sorption at pH < 7) was determined as 574 cm
3
 g
-1
 for NaCl free system. However, for 
Eu sorption in the presence of NaCl, Rd values were calculated as 2.9 cm
3
 g
-1
 for 0.05 
mol dm
-3
 NaCl and 2.5 cm
3
 g
-1
 for 0.1 mol dm
-3
 NaCl systems. The difference in Rd for 
NaCl free and NaCl systems is thus, an indication that sorption is affected by the 
presence of NaCl in the system. 
  
 
Figure 5.23: Varying pH sorption of Eu to Orthoclase Feldspar at constant metal concentration of 
Eu. Figure showing sorption profile of Eu in different ionic strength environments, 
equilibrating ca. 8 days with liquid solid ratio of 200:1, at rtp. 
 
 
By fitting experimental data to that obtained from JChess modelling, it was possible to 
allocate Log K values for the binding of Eu to the mineral surfaces as shown below. 
Experimental conditions used were the same as those used in Ni surface complexation 
described earlier in this chapter.  Surface complexation, based on experimentally 
measured JChess input parameters showed that the modelled data fitted to the 
experimental data at pH < 9 (figure 5.24), for Eu sorption to feldspar in 0.1 Mol dm
-3
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≡FeldsparOH + Eu3+ ⇌ ≡FeldsparOEu2+  Log K = 4.5  
≡FeldsparOH + Eu3+ ⇌ (≡Feldspar-O) 2 Eu
+
  Log K = 5 
 
 
Figure 5.24: Varying pH sorption isotherms for Eu sorption to Orthoclase Feldspar. Figure 
showing data from experimental data and data obtained from JChess Code, using the same 
experimental conditions, modelling done assuming mono and bidentate complex formation 
equilibrating ca. 8 days with liquid solid ratio of 200:1, at rtp. 
 
 
At pH > 9, results show that modelled data and experimental data did not agree. At pH 
> 9 experimental data showed sorption to be high (1.5 x 10
-6
 mol g
-1
) as compared to 9.0 
x 10
-8
 mol g
-1
 for sorption in 0.1 mol dm
-3
 NaCl. The reason for the observed difference 
between the two models can, as was the case for Eu sorption to quartz, attributed to 
purity of the experimental sample. The low fit between the experimental and modelled 
data can also be due to purity of sample and other sorption mechanisms that can be 
present such as intraparticle diffusion and ion exchange. Modelling the sorption process 
with JChess considered sorption to take place by surface complexation (double layer 
model) without taking into consideration precipitation, diffusion into dead end pores, 
and cationic exchange. Fitting modelled data for Eu sorption in NaCl free and 0.05 mol 
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dm
-3
 NaCl to experimental data gave poor fits. Sorption isotherms are shown in 
appendix 5. 
 
As was observed with Ni sorption to mica, constancy in sorption is observed for Eu 
sorption to mica. Figure 5.25 shows that sorption in the presence of NaCl is constant 
and enhanced, as compared to that in NaCl free solution. One reason for the constancy 
in the sorption capacity from low to high pH can be due to the position on the point of 
zero charge (PZC pH at which the net surface charge is zero) on the pH scale as was 
explained for Ni sorption to mica.  
 
Figure 5.25: Varying pH sorption of Eu to Muscovite Mica at constant metal concentration of Eu. 
Figure showing sorption profile of Eu in different ionic strength environments, 
equilibrating ca. 8 days with liquid solid ratio of 200:1, at rtp. 
 
 
Figure 5.25 and 5.26 shows the effect of NaCl on Eu sorption. Eu sorption did not vary 
with the pH for Muscovite Mica, however, in NaCl free solution, sorption is reduced. 
Because no region of significant rise in sorption is defined from the Log Rd-pH plots as 
shown in the example shown below, the proton stoichiometry for the sorption process is 
not calculated. Mean Rd for Eu sorption in NaCl free solution was < 900 cm
3
 g
-1
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cm
3
 g
-1
 NaCl free system) while for Eu sorption on NaCl systems, the Rd was 
determined to be > 10 cm
3
 g
-1
. 
 
Figure 5.26: Log Rd-pH plot for Eu sorption to Muscovite Mica at constant metal concentration in 
different NaCl solution. Figure shows region of steep rise in sorption within a narrow pH 
range (sorption edge), and region of gentle increase in sorption with pH, equilibrating ca. 8 
days with liquid solid ratio of 200:1. 
 
Modelling the sorption process in a similar manner to the other granitic minerals 
showed that Eu sorption (in 0.1 mol dm
-3
 NaCl) could be described thermodynamically 
for mono and bidentate binding as described below. 
 
≡MuscoviteOH + Eu3+ ⇌ ≡ MuscoviteOEu2+  Log K = 5.5 
≡Muscovite OH + Eu3+ ⇌ (≡Muscovite -O) 2Eu
+
  Log K = 5.5 
 
At pH > 9 sorption capacity decreased as was observed for Eu sorption to quartz and 
feldspar. Modelled data obtained, for Eu sorption in NaCl free and 0.05 mol dm
-3
 NaCl 
did not fit to the experimental data as shown in appendix 5. 
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Figure 5.27: Varying pH sorption isotherms for Ni sorption to Muscovite Mica. Figure showing 
data from experimental data and data obtained from JChess Code, using the same 
experimental conditions, modelling done assuming mono and bidentate complex formation, 
equilibrating ca. 8 days with liquid solid ratio of 200:1, at rtp. 
 
 
5.2.5.3 Effect of NaCl on Eu sorption to Muscovite Mica using SCM 
 
Experimental results obtained for Eu sorption to granitic rocks and minerals in different 
NaCl systems, showed that sorption was enhanced, in the presence of NaCl. Taking into 
consideration the three systems studied (NaCl free, 0.05 and 0.1 mol dm
-3
); theoretical 
models using Muscovite Mica, with exchange capacity of 70.4 µmol m
-2
, calculated 
particle radius of 2.8 nm, and Log K values of 5.5 for mono and bidentate 
complexation, particle radius were produced as shown in figure 5.28. Results from the 
JChess models, show that sorption is enhanced in the presence of NaCl. The reason for 
the enhanced sorption of Eu in the presence of NaCl is not very clear, however, Na
+
 
ions modify the sorption sites for more Eu to sorb.  
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Figure 5.28: Modelled data for Eu sorption to Muscovite Mica in three different environments. 
Figure shows NaCl enhances the sorption of Eu from granitic materials studied using the 
same experimental, equilibrating ca. 8 days with liquid solid ratio of 200:1, at rtp. 
Exchange capacity of 70.4 µmol m
-2
, calculated particle radius of 2.8 nm, and Log K values 
of 7.1 and 8.1 for mono and bi dentate 
 
5.3 Conclusion. 
 
The following conclusions can be made after studying varying pH sorption profiles of 
selected granitic rocks and mineral in different NaCl concentrations, using different 
models. 
1. Eu sorption is enhanced in the presence of NaCl 
2. Ni sorption is suppressed in the presence of NaCl, due to competition for the 
sorption sites 
3. Surface complexation constants for experimental data have been determined by 
fitting modelled data to experimental data. 
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Chapter 6  
 
Effect of Carbonate on Eu Sorption to Granitic 
Materials. 
 
6.1 Background  
 
The rate of inorganic ion sorption on mineral surfaces is not well understood, partly 
because of the complex processes occurring at mineral-water interfaces (119). 
Estimation of the kinetic functions and appropriate sorption constants from batch 
experiments can provide an insight into the sorption processes not affected by flow 
phenomena which can dominate in real porous systems (120). Sorption kinetics can 
significantly affect the migration of radionuclides in soils or rocks under certain natural 
conditions such as during the rapid flow of groundwater in rock fractures. Knowledge 
of the rate can be important not only in modelling the migration but also for the 
elucidation of the mechanism of interaction, since it can characterise the process 
governing the interaction (so called control processes) (121). Different mechanisms can 
result in different kinetics of radionuclide uptake. Very limited information on the 
kinetics of Eu sorption and desorption on minerals and natural solids exist in the 
literature (120).  
 
6.2 Carbonate and Eu migration 
 
The nature of the counter-ions, destined to stabilise heavy metals in the cationic form, 
can also influence their sorption by sorbent materials. Some anions such as the CO3
2-
 
have an affinity towards the metal, so that they form a complex such as EuOHCO3(aq), 
that influences the sorption kinetics (122). 
 
 
Previous studies have shown that the mineralogical composition in granitic rock 
fractures is very different from that of the rock matrix (64). Groundwater flowing 
through fractures usually contains calcites as secondary minerals resulting from 
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fractured and weathered rocks. Calcite (a stable polymorph of CaCO3) is thus, a major 
constituent in the groundwater of many potential host rocks currently under 
consideration for the disposal of radioactive wastes (64). Even in the chemically 
disturbed zone formed around a cementitious repository, calcite remains largely 
unaffected by the hyper-alkaline waters migrating out of the near field. Thus, due to its 
abundance and geochemical stability, CaCO3 could play an important role in the 
retardation of radionuclides released from a repository for nuclear wastes (123). 
Carbonate complexation as well as hydrolysis of actinide ions is one of the most 
important chemical reactions in neutral and alkaline solutions under environmental 
conditions (124).  
 
6.2.1 The aims of the study  
 
The main objectives of this study include; 
 
 To investigate the effect of different concentrations of carbonate on the sorption 
capacity of Eu on different granitic materials with Eu, acting as an analogue for 
trivalent actinides, between solution and surface phases.  
 To investigate the effect of carbonate on the rate constants and control processes 
for the immobilisation/retardation at constant pH and constant ionic strength.  
 
 
With regards to the adsorption /desorption processes, thermodynamic data obtained 
from studies of equilibria provide only information on the final state of the system, but 
kinetics  deals with changes in chemical properties with time. The growth in adsorption 
kinetics is of interest in the risk assessment exercise for a radioactive waste repository, 
as it may be of importance to evaluate how fast the radionuclides are retarded in an 
aquatic environment such as that which could be found in the far field of the repository. 
However, the rate of retardation is also dependent on other factors present in the 
groundwater environment. As groundwater flows through geologic media, there is a 
possibility of contact with calcium carbonate rich rock types and other related 
substances such as colloids which can change the chemical potential of the underground 
aquatic environment. The changes that result may also affect the sorption rates and the 
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overall sorption process. In this work the effect of carbonate on the sorption of Eu has 
been investigated both in high carbonate and low carbonate systems, with sorption in a 
carbonate free system acting as a control.   
 
Groundwater analysis as reported by Allard et al. (4), showed groundwater to contain as 
high as 123 mg g
-1 
of HCO3
-1
, much higher levels than for both sulphates and chlorides 
(4). The presence of carbonate as a major component of groundwater has been 
highlighted by Arcos
 
(125) and Hoffman (124).  
 
The effect of NaHCO3 on Eu sorption was also investigated by Koeppenkastrop and De 
Carlo (126) based on observations from sorption kinetics. They observed that carbonate 
complexation slowed the rate of uptake of Eu by manganese and iron oxides. Also work 
by other workers showed that HREE (Heavy rare earth elements) sorption was strongly 
suppressed in the presence of strong carbonate complexation (127). The solution 
chemistry of some rare earth elements is well understood, however, the surface 
chemistry is not well understood
 
(127). The effects of carbonate on the sorption of Eu 
on geological materials will be important in understanding the effect of Eu sorption in 
elevated carbonate systems. 
 
6.3 Modelling the kinetics of Eu sorption 
 
Different approaches to the treatment of kinetic data from batch sorption experiments 
were used by different investigators such as Ho et al.,
 
(128) who took into consideration 
pseudo second order kinetics, and Juang et al., (129) who applied the Elovich model to 
chemisorption to treat sorption data.   
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6.3.1 First order reactions 
 
The first of the approaches is to assume that the sorption process takes place as a first 
order process, in which the time dependent equation is given by Aksoyoglu (1). 
 
Rs,t = R s,∞(1-e
-kt
)  (6.1) 
 
 
Where: Rs,t - Sorption coefficient at time t (cm
3
 g
-1
), Rs,∞ - Sorption coefficient at 
steady- state (cm
3
 g
-1
), t – Time (s), k – Rate constant (s-1). 
 
The linearised form of the equation is: 
 
Ln [1-Rst/Rs∞] = -kt   (6.2) 
 
A plot of Ln [1-Rst/Rs∞] as a function of time (t) should be linear for a first order 
reaction. Applying the least square method the points should lay on a straight line, 
otherwise the first order assumption is not applicable (1). 
 
The second interpretation proposed by Aksoyoglu (1) makes the following assumptions: 
the particles are porous, of spherical shape, of a single size and that the radionuclide 
diffuses into these micropores. The adsorption of solutes from solution by porous 
adsorption involves three steps: 
1. Bulk transport of solute in the solution is usually rapid because of mixing. 
2. Film transport involves diffusion of solute through a hypothetical film boundary 
layer. 
3. Except for a small amount of adsorption that occurs on the exterior of the 
adsorbent, the solute then diffuses within the pore volumes of the adsorbent 
and/or along pore-wall surfaces to an active adsorption site (intra-particle 
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transport). The actual adsorption of solute on interior surface sites is generally 
considered to be very rapid and hence makes an insignificant contribution to the 
overall adsorption rate. Film and intra-particles transport are thus, the major 
factors controlling rates of adsorption from solution by porous adsorbent. The 
slower of the two steps is the rate-limiting. At low concentrations and for the 
reactions controlled by film diffusion, the rate reaction increases linearly with 
concentration provided other conditions are unchanged (128). 
 
When film and intra-particle diffusion are involved in determining the rate, the 
relationship is no longer linear. At high concentrations the rate reaches a maximum 
where intra-particle diffusion is the rate-determining step, and the rate is 
independent of concentration. 
 
6.3.2 Pseudo first order reaction 
 
Due to the many Eu species present, it can be extremely difficult and complex to model 
the sorption kinetics of individual species. One way around that is proposed in this 
work, i.e. to sum all the different species as a single entity, as shown in equation 6.3. 
The rate of the sorption process can be modelled based on the overall decrease of the 
sum of all the Eu species present in solution, as shown by equation 6.5/6.6. Above pH 5 
the total concentration of Eu present in solution is a combination of all the species of 
Eu
3+
 present in solution
 
(35) as calculated from the JChess speciation code in figure 3 to 
5 (Section 2.3.4). Eu sorption may thus, involve all species which are 
thermodynamically or kinetically stable. 
n
t
i
Eu Eu    (6.3)
 
 
 
Where Eut is the total Eu in solution from Eu species i to n, both being integers. 
 
The Eu sorption process can be expressed based on the surface complexation reactions 
shown below.  
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tSOH  Eu  SO
n
i
Eu xH    (6.4) 
 
Equation 6.4 is a non stoichiometric equation, depicting the sorption process. Assuming 
the concentration of ≡SOH to be far greater than that of Eut, i.e. saturation of sites 
doesn’t occur, the rate equation can be written as:  
      
 1tot
dEu
dt
n
i
K Eu     (6.5) 
 
kt
t t 0
Eu   Eu e     (6.6) 
 
A plot of Log [Eut] as a function of t will be a straight line with a rate constant k. For 
sorption process in which a steady state is attained between the forward and the reverse 
processes, the kinetics could be modelled taking into consideration both processes. 
 
6.3.3 Pseudo second order reaction 
 
Ho et al. (128) proposed a pseudo second order model expressed in the form: 
1
t e
t t
q h q
   (6.7) 
 
Where h = k2qe
2
 and can be described as the initial rate constant as t approaches 
zero. 
qt is the amount of metal ion on the mineral surface (mol g
-1
) at any time t.  
qe is the amount of metal ion sorbed at equilibrium (mol g
-1
);  
k is the pseudo-second order rate constant (mol g
-1
 h
-1
).  
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If the pseudo second order kinetics is applicable, t/qt vs. t will give a linear plot, which 
allows the computation of qe, k2 and h without having to know any parameters 
beforehand.  
 
According to Ho et al. (128) if the plot is linear, then the sorption process may be 
described as chemisorption. Thus, the sorption process involves the formation of strong 
chemical bonds between Eu and the solid surface, as opposed to other sorption process 
such as cation exchange. 
 
6.3.4 Modelling intra-particle diffusion 
 
 
The immobilisation of radionuclides by rocks and minerals is expected to occur by 
electrostatic interactions between the sorption sites and charged metal ion species in 
solution. However, intra-particle diffusion plays an important part in the bulk removal 
of species in solution. Theoretical treatments of intra-particle diffusion yield rather 
complex mathematical relationships which differ in form as functions of the geometry 
of the sorbent particles (128). 
 
The intra-particle model is expressed by Srivastava and colleagues (130) and by Weber 
and Morris (131) as: 
qt = Ki t
a  
  (6.8) 
   
A linearised form of the equation is written as: 
ln(qt) = ln(Ki) + aln(t)  (6.9)  
 
Where ‘a’ is the gradient of the linear plots, depicting the mechanism of the 
adsorption process. 
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A functional relationship common to most treatments of intra-particle diffusion is that 
uptake varies almost proportionately with the half power of time (t
0.5
) (128). A linear 
variation between the quantities bound with t
0.5 
predicts a large initial fraction of the 
reaction is controlled by intra-particle diffusion. Good linearisation of the data is 
observed if intra-particle diffusion is the rate limiting step rather than sorption due to 
bonding with sorption sites. 
qt = ki t
0.5
    (6.10) 
   
Where ki is the intraparticle diffusion rate constant mol g
-1
 h
-0.5
. 
 
Higher values of ki illustrate an enhancement in the rate of adsorption and adsorption 
mechanism which is related to stronger bonding between metal ions and adsorbent 
particles (132). 
 
6.4 Results and discussion 
 
To understand the effect of carbonate, sorption data has been modelled using the 
Langmuir isotherm (Fitting data to the Langmuir, Freundlich and Linear model showed 
that the Linearised Langmuir model gave the best fit as shown by the root mean square 
value) to determine the sorption capacity for the three systems. First and second order 
rate constants were calculated and comparisons made between the three systems.  
Static batch sorption experiments were designed to study the rate and sorption capacity 
of Eu to Biotite Granite (BG) in the presence of different amounts of NaHCO3, to 
understand the effect of carbonate both on the sorption of Eu to granitic rocks and 
minerals, and also to study how carbonate can affect the rate of removal of 
radionuclides present in the system. Both pseudo first and second-order adsorption 
models were used to describe the data. In both models, all the steps of adsorption such 
as external diffusion, internal diffusion, and adsorption are combined together, and the 
overall adsorption rate is proportional to either the driving force (as in the pseudo first-
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order equation) or the square of the driving force (as in the pseudo second-order 
equation) (133). 
 
6.4.1 Eu sorption to Biotite Granite (BG) 
 
 
Figure 6.1A: kinetic sorption isotherm for Eu sorption to BG in carbonate free solution.  
 
Figure 6.1B: PFO fit for Eu sorption to BG in carbonate free system. Equilibration pH of system 7 
to 8, mass of solid = 0.2 g, solution volume = 40 cm
-3
. Data obtained by fitting data to 
equation 6.8. 
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Figure 6.1C: Linearised Langmuir isotherm for Eu sorption to BG in CF, LC and HC systems at 
constant metal concentration of 1.0 x 10
-5
 mol dm
-3
, after equilibration period of 520 hours.  
 
The first part of this section concerns the application of empirical models to sorption 
data. Results for BG showed data fitted best to the Langmuir model with saturation of 
sorption sites. This is evident from the Langmuir linearised isotherm (figure 6.1C). R
2
 
values for CF, LC and HC systems were close to one. Calculated Rd values showed the 
effect of carbonate for sorption in the three systems. Mean Rd values were calculated as 
97 cm
3
 g
-1
 for CF, 81 cm
3
 g
-1
  for LC and 21 cm
3
 g
-1
  for HC systems. Thus, the Rd 
decreased as the concentration of carbonate increased in solution. Using the linearised 
Langmuir isotherms the maximum concentrations of Eu bound after 520 hours were 
calculated as 7.8 x 10
-6
, 7.7 x 10
-6
, and 6.9 x 10
-6
 mol dm
-3
 for CF, LC and HC systems 
respectively. Thus, results show a decrease in the sorption capacity as the concentration 
of carbonate increased.  
 
Using the first and second order kinetic models, data were analysed to obtain first and 
second order rate constants. The rate constants were then compared for the three 
systems to understand the effect of carbonate on the sorption rate and to determine 
which sorption model best described the sorption data. Figure 6.1A shows the variation 
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of sorption with time. The figure shows sorption is time dependent. However, above 
370 hours sorption/desorption mechanisms become apparent, as shown by the positive 
slope of the plot after 370 hours of equilibration. Figure 6.1B shows that the PFO 
kinetic model partially fits to the data. A negative slope for first order kinetic shows that 
the concentration of Eu bound is increasing with time, while that in solution is 
decreasing. 
 There was no difference between CF and LC systems in terms of the sorption kinetics 
as supported by Eu speciation in both systems (figures 2.1 and 2.2).  
 
Figure 6.2A: kinetic sorption isotherm for Eu sorption to BG in low carbonate system  
 
Figure 6.2B: PFO fit for Eu sorption to BG in low carbonate system, at equilibration pH of ca. 7.5. 
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Eu sorption in 0.02 mol dm
3
 carbonate solution (HC) showed sorption increased with 
time. Saturation of sorption sites was attained after 200 h, with no apparent desorption 
observed, as was the case with the CF and LC systems (figure 6.3A and B). 
 
 
Figure 6.3 A & B: kinetic sorption isotherms for Eu sorption to BG in high carbonate system. B-
PFO fit for Eu sorption to BG in high carbonate system, at equilibration pH of ca. 9.5. 
Graph shows discontinuity (B) above 200 hours of equilibration as a result of change of 
sorption mechanism. 
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Figures 6.1B, 6.2B and 6.3B shows data fitted to a first order kinetic model for Eu 
sorption to BG in the presence of different amounts of carbonate. From the results it can 
be seen that the rate constant changes from negative to positive as equilibration time 
increases. Initially, sorption fits a PFO model, in which the rate of sorption is dependent 
on the concentration of Eu in solution. However, at longer equilibration times the rate 
constant changes as indicated by the positive gradient. This indicates that the sorption 
process has changed, due to attainment of steady state, in which the metal ions equally 
distribute between available sorption sites and the solution. Initial sorption kinetics can 
be very fast resulting in a pseudo equilibrium system (non-attainment of a steady state 
system), however, with longer equilibration times, there is redistribution of Eu between 
the solid and solution phases of the system, resulting in a decrease in rate of sorption 
and change of sorption process. The decrease in sorption can be attributed to a decrease 
in the amount of metal present in solution, and also to occupation of sorption sites as 
sorption nears monolayer coverage (134) as shown in figure 6.1C. Figure 6.1C showed 
the linearised Langmuir isotherms with R
2
 = 0.99 for CF, LC and HC systems. 
Although the sorption is seen to be rapid initially, the effect of carbonate is very 
obvious in the system with 0.02 mol dm
-3 
carbonate. The time taken to attain saturation 
increased from low carbonate system to high carbonate system. It took about 280 h of 
equilibration for HC system while for LC and carbonate free systems it took about 120 
h. The initial high sorption rate is reduced as compared to sorption on low or no 
carbonate systems due to the complexation reactions between Eu and carbonate. In high 
concentration of carbonate, negatively charged, higher molecular weight complexes are 
formed such as EuOH(CO3)2
2-
 and Eu(OH)2CO3
-
 (see figures 2.1 to 2.3 in section 2.3.4 
of chapter 2) which affect the free Eu metal. Thus, the rate of Eu uptake is reduced. 
 
    
 
Despite the observation above, the sorption process and mechanisms cannot be 
explained solely from a first order perspective, in many cases, the PFO kinetic model is 
limited in explaining sorption kinetics for the whole range of contact times, and is 
generally applicable only for the initial stage of the sorption process (90). There is a 
need to apply other models that may explain sorption kinetics based on the species 
present in solution.  
 
 
 
180 
 
Using kinetic sorption models, the data obtained were fitted to the first and second order 
models. The data did not fit to the first order kinetic model for the entire equilibration 
period studied (the PFO kinetic model usually applies only at the initial stages of the 
sorption process (90)). Therefore, the sorption process is dependent on only the 
concentration of sorption sites or the concentration of Eu species present in solution, i.e. 
it is not dependent on either the sum of the Eu species, or the concentration of the 
sorption sites. However, fitting the data to the PSO showed that the process depended 
on both the concentration of Eu species and that of the sorption sites.  
 
In terms of sorption rates, the rate constants for sorption to BG were negative (-3.1 x 10
-
3
 and -2.7 x 10 h
-1
 for low and high carbonate systems after 280 h of equilibration 
respectively) signifying that the total concentration of Eu in solution decreases with 
time. The PFO kinetic sorption parameters are shown in table 6.2. The values show that 
the rate constant for first order kinetic in the region for which the data fitted, increased 
from LC to HC (-3.1 x 10
-3
 and -2.7 x 10 h
-1
 for LC and HC systems respectively, the 
negative sign indicating the direction of the sorption process). Based on the extent (R
2
) 
to which the sorption data for the three systems fitted to the PFO model, it can be 
concluded that the sorption process will be first order as the concentration of carbonate 
increases in solution. The reason could be due to the difference in speciation between 
LC and HC systems. Table 6.1 shows the major species in the three systems. The first 
order rate constant was calculated as -2.5 x 10-3 h
-1
 (CF). From the calculated rate 
constants, the rate of Eu uptake in the three systems is the same; however, the root mean 
square value is closer to unity for HC system. 
 
Table 6.1: Major Eu species in different carbonate solutions, showing species present at different 
pH ranges. Speciation calculated using JChess Code, taking a concentration cut off point of 10
-14
 
mol dm
-3
, precipitation and dissolution disabled. 
Carbonate free 
system 
pH < 8 
Low carbonate 
system 
pH <  8 
High carbonate 
system 
12 < pH < 8 
Eu
3+
 Eu
3+
 EuOHCO3 
Eu(OH)2
4+
 Eu(OH)2
4+
 EuOH(CO3)
2-
 
 EuOHCO3 Eu(OH)2CO3
-
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Figure 6.4: PSO isotherms for Eu sorption to Biotite Granite, in carbonate free, low carbonate and 
high carbonate systems, at constant metal concentration. Data obtained by fitting 
experimental data to equation 6.7. 
 
 
Figure 6.4 above shows the PSO kinetic model for Eu sorption to BG in all three 
systems. A good fit (R
2
 = 0.99) was obtained equation 6.7 for the entire equilibration 
period. However, this was not the case as seen with the first order kinetic model. This 
implies that the data could be described using the PSO model proposed. The 
conclusions to be drawn here include the fact that the sorption process is dependent on 
the concentration of Eu species and on the total number of sorption sites present in the 
system, and that the PSO kinetic model fits better to the data for the entire equilibration 
period, as shown by the R
2
 value.  
 
Table 6.3, shows the PSO sorption parameters, determined by fitting experimental data 
to the PSO kinetic model (equation 6.7). It can be seen that in all three systems 
(carbonate free, low carbonate, and high carbonate) the PSO rate constants are identical. 
The rate constants calculated are -12.25 (CF), -11.70 (LC) and -14.13 (HC) mol g
-1
h
-1
). 
The similarity shown in the rate constants suggest that the presence of carbonate in 
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groundwater may not affect the sorption of Eu to Biotite Granite. The adsorption 
process on a porous adsorbent generally involves three stages: 
(i) External diffusion; 
(ii) Internal diffusion (or intra-particle diffusion);  
(iii) Actual adsorption (135).  
 
The adsorption step is usually very fast for the adsorption on porous adsorbents 
compared to the external or internal diffusion step and it is known that the adsorption 
equilibrium is reached within several minutes in the absence of internal diffusion for 
porous adsorbents (135). Thus, the long adsorption equilibrium time in experiments 
suggests that the internal diffusion may dominate the overall adsorption kinetics. As 
seen above, concerning the similarities of the PSO rate constants, this can be justified 
by the fact that sorption is not solely dependent on electrostatic interactions of the 
metal-solid complex. Negatively charged Eu species such as EuOH(CO3)
2-
(aq) and  
Eu(OH)2CO3
-
(aq)
 
(present in HC system as shown in table 6.1 could be removed from 
solution by intraparticle diffusion. Theoretical treatments of intraparticle diffusion yield 
rather complex mathematical relationships which differ in form as functions of the 
geometry of the sorbent particles (128). The intra-particle model is expressed by 
Srivastava and colleagues (90) and by Weber and Morris (131) as shown by equations 
6.8 to 6.10. Sorption data from the different granitic samples were modelled by using 
intraparticle model and results are shown in table 6.5. Intraparticle diffusion rate 
constants were obtained as -7 x 10
-5
 (CF), 6 x 10
-5
 (LC) and -3 x 10
-5
 (HC) mol g
-1
 h
-0.5
, 
implying that intraparticle occurred two times more in carbonate free system than for   
high carbonate system, probably due to the high molecular weight Eu-carbonate species 
present in the HC systems. 
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Table 6.2: Kinetic fit parameters for Eu sorption to Biotite Granite in carbonate free, low and high 
carbonate systems. k is the rate constant obtained from the gradient of the linearised first 
order equation. Rate constant for RQ changes from negative to positive (low carbonate = 1 
x 10
-6
 mol dm
-3
, high carbonate = 0.02 mol dm
-3
) 
 carbonate free low carbonate high carbonate 
Sample k (h
-1
) R
2
 k (h
-1
) R
2
 k (h
-1
) R
2
 
Biotite Granite -2.5 x 10
-3
 0.86 -3.1 x 10
-3
 0.85 -2.7 x 10
-3
 0.96 
Grey Granite -2.7 x 10
-3
 0.88 -1.9 x 10
-3
 0.93 -1.4 x 10
-3
 0.93 
Rapakivi Granite -3.2 x 10
-3
 0.92 -4.4 x 10
-3
 0.94 -2.1 x 10
-3
 0.95 
Rose Quartz 2 x 10
-5
 0.49 1.4 x 10
-3
 0.82 -1.1 x 10
-3
 0.96 
Orthoclase 
Feldspar 
-2.7 x 10
-3
 0.96 -2 x 10
-3
 0.94 -2.1 x 10
-3
 0.95 
Muscovite Mica -1.4 x 10
-2
 0.84 -2.9 x 10
-3
 0.96 -1.1 x 10
-3
 0.97 
 
 
6.4.2 Kinetics of Eu sorption to Grey Granite (GrG)  
 
Results obtained for Grey Granite were fitted to the first and second order kinetic 
models as was the case for BG. Eu sorption to GrG in the high carbonate system 
increased to a maximum amount (reaches a system of steady state) after about 200 h (as 
was the case with BG) however, for CF and LC systems, sorption very fast initially and 
decreased with time. At the measured equilibration pH values (table 2.4 in the 
experimental section) the major species in solution have been determined using JChess 
as EuOHCO3(aq), EuOH(CO3)2
2-
(aq), and Eu(OH)2CO3
-
(aq) for HC environment. For LC 
system the major species at the equilibration pH of 8.5 are Eu(OH)
2+
(aq) and 
EuOHCO3(aq), while for NC the major species is Eu(OH)2
+ 
(aq) at an equilibration pH of 
8.3. The difference in speciation may be responsible for the difference in the sorption 
profile between HC and CF/LC. Despite, the major differences in speciation, it can be 
said that the speciation of Eu in all three systems did not affect the net sorption capacity 
at the end of the equilibration period (ca. 520 h). As was observed for sorption to BG, 
the first model fitted to the sorption data partially (below 200 hours of equilibration 
time). Thus, rate constants are defined equilibration time < 200 hours. Table 6.2 shows 
sorption parameters for different granitic materials studied. From the table 6.2, the PFO 
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rate is the following order; -7 x 10
-5
 h
-1
 (CF) > 6 x 10
-5
 h
-1
 (LC) > 3 x 10
-5 
h
-1
 (HC), the 
negative on the rates indicating the direction of movement. 
 
6.4.2.1 Second order kinetic for Grey Granite (GrG) 
 
Eu sorption to GrG was similar to that of BG, in that sorption occurred by the Langmuir 
model. The maximum concentration of Eu bound was determined from the linearised 
Langmuir isotherm (similar to figure 6.1C). Mean Rd values were calculated, for the 
entire equilibration period as 55, 40 and 8 cm
3
 g
-1 
for carbonate free, low carbonate and 
high carbonate systems respectively. From the linearised isotherms, the maximum 
concentration of Eu bound was 7.6 x 10
-6
, 7.4 x 10
-6
, and 5.8 x 10
-6
 for carbonate free, 
low carbonate and high carbonate systems respectively. As with Eu sorption to BG, Eu 
sorption to GrG decrease as the concentration of carbonate in solution increased. This is 
evident from both the Rd and the maximum concentration of Eu bound after 520 hours 
of equilibration. 
  
Fitting sorption data obtained for BG to the first and second order models showed that 
the PSO model described the sorption process best. The comparison was done using R
2
 
values from the linearised first and second order model; results showed that the data 
fitted to the second order model for CF, LC and HC systems as shown in figures 6.5, 6.6 
and 6.7 below. Sorption parameters obtained are shown in table 6.3. The effect of 
carbonate is shown by the PSO rate constant for the three systems. For the CF system, a 
high rate constant (-838.3 mol g
-1
 h
-1
) was obtained compared to -13.1 for LC, and 
27.62 mol g
-1
 h
-1
 for HC systems. The similarity between the PSO rate constant for LC 
and HC systems can be attributed to the presence of carbonate in the systems.  
 
Comparing PFO kinetics and PSO kinetics, it was observed that discontinuities exist in 
the PFO model, when the entire equilibration period is considered; however, for the 
PSO model no such discontinuities were observed. Discontinuities are due to a change 
in the sorption mechanism or the presence of a second sorption mechanism in the 
system. The presence of a second mechanism is evident from the change of the slope of 
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the PFO isotherm above equilibration time of 200 h as shown in figures 6.1B and 6.2B. 
The change from negative to positive values confirms that desorption is taking place in 
the system at equilibration times > 200 h. The rate constant in terms of the decrease of 
Eu in solution (sorption) is negative. A positive sign will thus, indicate that Eu is 
desorbing. Thus, the whole process is dependent on the aqueous concentration of Eu in 
solution and the concentration of the sorption sites. A good linear fit (R
2
 = 0.99) for all 
three systems was found. 
 
Figure 6.5: Kinetic sorption isotherm for Eu sorption to Grey Granite in carbonate free solution. 
Data obtained by fitting experimental data to the PSO kinetic model (equation 6.7) at 
equilibration pH ca. 8.3. 
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Figure 6.6: Kinetic sorption isotherm for Eu sorption to Grey Granite in low carbonate solution. 
Data obtained by fitting experimental data to the PSO kinetic model (equation 6.7) at 
equilibration pH ca. 8.5. 
 
Figure 6.7: Kinetic sorption isotherm for Eu sorption to Grey Granite in high carbonate solution. 
Data obtained by fitting experimental data to the PSO kinetic model (equation 6.7) at 
equilibration pH ca. 9.5. 
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Figure 6.8: Comparing data for PSO kinetics for Eu sorption to GrG in carbonate free, Low and 
High carbonate systems. Figure shows the slope for LC and HC systems is negligible 
compared to that of carbonate free system, with LC and HC showing similar behaviour. 
 
As noted above, sorption kinetics are a combination of several other processes such; 
external diffusion, internal diffusion (or intra-particle diffusion) and actual adsorption 
(135) at the solution-solid phase. Equation 6.11 was applied to study the intra-particle 
diffusion mechanism. The results are shown in table 6.5. The rate constants for intra-
particle diffusion were calculated as; -6.0 x 10
-5
 R
2
 = 0.93 for CF, -6.0 x 10
-5
 R
2
 = 0.93 
for LC and 7.0 x 10
-5
 R
2
 = 0.98 for HC system. The good fits to the intraparticle 
diffusion model, are an indication that there might be other sorption mechanisms such 
as IPD, apart from sorption due to electrostatic interactions between charged Eu species 
in solution.  
 
6.5 Kinetics of Eu sorption to Rapakivi Granite 
 
Sorption data obtained for Rapakivi Granite (RG) were fitted to the PFO model. The 
results showed similar pattern to results obtained for BG and GrG. Results for RG were 
thus, modelled using PSO. Discontinuities in the linearised first order model were also 
observed as was the case with BG and GrG. The sorption parameters are shown in table 
y = 23540x - 661657 
R² = 0.99 
1.0E-10 
4.0E+06 
8.0E+06 
1.2E+07 
0 100 200 300 400 500 
t 
q
t-
1
 (
h
 m
o
l 
g
-1
) 
time (h) 
Effect of carbonate on second order kinetics-GrG 
Car-free 
Low-Car 
High-Car 
 
 
188 
 
6.2. Mean Rd values were calculated as 74, 49 and 11 cm
3
 g
-1
 for carbonate free, low 
carbonate and high carbonate systems, while the maximum concentration of Eu bound 
was determined from the linearised Langmuir isotherm as was the of BG and GrG. The 
maximum concentration of Eu bound was 7.6 x 10
-6
, 7.1 x 10
-6
, and 5.6 x 10
-6
 mol dm
-3
 
for carbonate free, low carbonate and high carbonate systems. 
 
6.5.1 Second order kinetics for Rapakivi Granite (RG) 
 
It was shown with BG and GrG that the PFO model was not applicable for the entire 
equilibration period. The PSO kinetics is thus, used to describe the sorption process. 
Results for RG are fitted to the PSO kinetic model as shown in figures 6.9, 6.10 and 
6.11. 
 
Figure 6.9: Kinetic sorption isotherm for Eu sorption to Rapakivi Granite in carbonate free 
solution. Data obtained by fitting experimental data to the PSO kinetic model (equation 
6.7) at equilibration pH ca. 8.1. 
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Figure 6.10: Kinetic sorption isotherm for Eu sorption to Rapakivi Granite in low carbonate 
solution. Data obtained by fitting experimental data to the PSO kinetic model (equation 
6.7) at equilibration pH ca 8.3. Figure shows reduced gradient as compared to sorption in 
carbonate free system. 
 
Figure 6.11: Kinetic sorption isotherm for Eu sorption to Rapakivi Granite in high carbonate 
solution. Data obtained by fitting experimental data to the PSO kinetic model (equation 
6.7) at equilibration pH ca. 9.5.). Figure shows reduced gradient as compared to sorption in 
carbonate free system. 
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The kinetic fitting parameters are shown in table 6.3. From the results it can be seen that 
the rate is affected by the presence of carbonate in the system. Rate constants have been 
calculated as -860.3 mol g
-1
 h
-1
 and R
2 
= 0.99 for CF system, -11.1 mol g
-1
 h
-1
 and R
2 
= 
0.99 for LC system, and 70 mol g
-1
 h
-1
 and R
2
 = 0.99 for HC. Despite the good fit to the 
PSO it can be seen that the presence of carbonate was affecting the sorption process, 
this is evident from the positive sign for the rate constant in HC system. Sorption 
parameters for intra-particle diffusion (IPD) were calculated in the following order -6 x 
10
-5
 mol g
-1
 h
-0.5 
R
2 
= 0.89 for NC, 6 x 10
-5
 mol g
-1
 h
-0.5
 R
2 
= 0.99 for LC and 6 x 10
-4
 
mol g
-1
 h
-0.5
 R
2 =
 0.97 for HC environment. Thus, from above, IPD changes from 
negative values for LC to positive values at HC systems. The reason for this change 
could be due to the differences in the speciation resulting in different sorption 
mechanisms affected by both electrostatic interactions and movement of Eu-carbonate 
complexes into the intra-particle spaces. 
 
6.6 Summary: Kinetics of Eu sorption to granitic rocks  
 
 The results showed similarity in the sorption pattern (sorption increased and 
levels off at steady state) for all three granitic rocks studied. This similarity is 
probably reflected in the similarity of the composite minerals; 
 Results showed discontinuities in the linearised first order kinetic models, taking 
into consideration the entire equilibration time; 
 PFO kinetics was applicable only for a section of the sorption process. With 
desorption taking place after longer equilibration periods; 
 For PSO kinetics, the rate constants shift from negative to positive values when 
the concentration of carbonate in solution increase from NC to LC and HC 
environment. 
 Application of empirical sorption models showed that the Rd and maximum 
concentration of Eu bound decreased as the concentration of carbonate increased  
 Results also showed that sorption data were best described by the Langmuir 
model.  
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6.7 Kinetics of 
152
Eu sorption to Rose Quartz (RQ) 
 
Sorption results for granitic rocks showed, the sorption capacity was suppressed in the 
presence of carbonate in the system. Results for RQ however, showed the contrary. 
Sorption in the presence of carbonate was enhanced as evident from the sorption 
isotherms (figure 6.12). Sorption was best described by the Langmuir isotherm as was 
the case with granitic rocks. Figure 6.12B, C and D are linearised Langmuir sorption 
isotherms. Mean Rd values were calculated as 0.2, 1.7 and 19 cm
3
 g
-1
 for carbonate fee, 
low carbonate and high carbonate systems respectively. The increase in Rd with increase 
in carbonate concentration highlighted by the maximum concentration of Eu bound. 
From the linearised Langmuir isotherms, the maximum concentrations bound was 2.0 x 
10
-8
 mol dm
-3
, for carbonate free system, 2.4 x 10
-6
 mol dm
-3
 and 5.42 x 10
-6
 mol dm
-3
. 
 
Among the non-equilibrium processes influencing sorption, is the possible division of 
sorption sites into two types. The two site sorption concept presumes that sorption can 
be classified into two fractions: Type 1, where sorption is assumed to be instantaneous, 
and Type 2, where sorption is considered time-dependent (136). The two type sorption 
site concept has been applied to describe the sorption kinetics of granitic minerals due 
to their non heterogeneous phases, as opposed to the granitic rocks.  
 
Kinetic studies with Rose Quartz (RQ) showed the presence of carbonate in the system 
affected the rate of the sorption process, and the sorption sites are considered to be Type 
2. Figure 6.12 shows Eu sorption isotherms for Eu sorption in different aqueous 
carbonate concentrations.  It can be seen that sorption increased with equilibration time 
before the system attained a steady state for the LC and HC systems. Sorption in the HC 
system can be said to be Type 1 (fast) and sorption in the LC system is said to be Type 
2 (time dependent). Eu sorption in the carbonate free system showed characteristically 
low levels of sorption to quartz. Eu sorption in CF system is time independent, with low 
sorption levels compared to the HC and LC systems (figure 6.12). From figure 6.12, it is 
evident that the presence of carbonate affected both the rate and the amount of sorption 
at the end of the equilibration process.  
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Figure 6.12A: Kinetic sorption isotherms for Eu sorption to Rose Quartz in carbonate free, low and 
high carbonate systems. Figure shows low sorption capacity for Eu in carbonate free 
system. 
 
Figure 6.12B: Linearised Langmuir isotherm for sorption isotherms for Eu sorption to Rose Quartz 
in carbonate free. 
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Figure 6.12C: Linearised Langmuir isotherm for sorption isotherms for Eu sorption to Rose 
Quartz in low carbonate system. 
 
 
Figure 6.12D: Linearised Langmuir isotherm for sorption isotherms for Eu sorption to Rose 
Quartz in high carbonate system. 
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One major difference between the sorption kinetics of Eu to RQ as compared to that of 
granitic rock samples is that the sorption capacity defined by the amount bound at the 
end of the experiment is different in each of the three systems studied. Looking at table 
6.2, it can be seen that the PFO rate constant is positive, 5 x 10
-5
 and 1.4 x 10
-3 
h
-1 
 for 
CF and LC systems respectively, and is negative (-1.1 x 10
-3
 h
-1
) in high HC. The three 
systems fitted to PFO kinetics in the following order: HC system (R
2
 = 0.95) > LC 
system (R
2
 = 0.82) > CF system (R
2
 = 0.49). This change can be attributed to change in 
the sorption mechanism, due to the presence of carbonate. 
 
Kinetic data for RQ were fitted to the PSO model to compare with the PFO. It can be 
seen in table 6.2 that the kinetic data fitted to the PFO as the concentration of carbonate 
increased in solution. PSO kinetic fit parameters are shown in table 6.3. Results show 
that the sorption data fitted to the PSO model in all three systems considered (R
2
 = 0.94 
for CF system, 0.99 for LC system, and 0.97 for HC system). The PSO rate constants 
varied in the order: -3837 for CF system > -198 for LC system > 3.5 mol g-1 h-1 for HC 
system (the negative sign representing the net direction of the sorption process).  
 
6.8 Kinetics of Eu sorption to Orthoclase Feldspar (OF). 
 
Eu sorption capacity decreased as the concentration of carbonate increased, as was seen 
with the granitic rocks. Sorption data could be described using the Langmuir model. A 
study of the kinetics of Eu sorption to OF showed that sorption was Type 2 (Time 
dependent (122) below 200 h of equilibration). Above 200 h of equilibration Eu 
sorption becomes independent of time, due to saturation of sorption sites as shown by 
the Langmuir type sorption isotherms in figures 6.13 A, B and C. Fitting the data to 
PFO and PSO kinetics showed that, both models could be used to describe the sorption 
data especially prior to attainment of steady state (> 200 h equilibration). Above 200 h 
equilibration, discontinuities in the linearised PFO were observed. However, the PSO 
kinetic model described the sorption better for the entire equilibration period. Sorption 
parameters are shown in table 6.2 and 6.3 for PFO and PSO sorption respectively. 
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Figure 6.13A: Kinetic sorption isotherm for Eu sorption to Orthoclase Feldspar in carbonate free,  
 
Figure 6.13B14: Kinetic sorption isotherm for Eu sorption to Orthoclase Feldspar in low carbonate 
system.  
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Figure 6.13C: Kinetic sorption isotherm for Eu sorption to Orthoclase Feldspar in high carbonate 
system. 
 
 
Figure 6.153D: Linearised Langmuir isotherm for Eu sorption to OF. 
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6.9 Kinetics of Eu sorption to Muscovite Mica (MM) 
 
Layered silicates such as Muscovite Mica contain two types of surface adsorption sites: 
those with a permanent charge, formed as a result of isomorphic substitution in the 
crystal structure, and with a pH-dependent charge appearing because of protonation or 
deprotonation of hydroxyl groups on the basal or edge surfaces of the tetrahedral or 
octahedral layers (112). As is known, ion-exchange reactions usually take place on the 
basal surface, where sites with an unbalanced structural charge are located. For mica, 
this charge is negative, and the sorption of cations on these sites only slightly depends 
on the pH value of the solution  (112). Kinetic data for the sorption of Eu to Muscovite 
Mica showed that sorption was rapid (Type 1 independent of time (122)) at shorter 
equilibration times of < 42 h (figure 6.14). This rapid sorption is due to the permanent 
negative charge present in the mica lattice. Figure 6.14 shows the Langmurian type 
isotherms for Eu sorption to MM in the LC and HC systems. Eu sorption in the 
carbonate free system was also shown to be fast initially. However, after about 42 hours 
of equilibration, sorption decreased gradually due to non-attainment of steady state in 
the system (figure 6.14). Data fitted to the PFO kinetic model for equilibration period of 
< 42 h. Table 6.3 shows the different sorption rate parameters for PSO reaction models 
for all samples studied. It can be seen that the data fitted best to the second order kinetic 
model. Fitting the data for MM to the intra-particle rate model gave a root mean square 
value of 0.76, confirming that sorption was not dependent only on electrostatic 
interaction.  
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Figure 6.16: Sorption isotherms for Eu sorption to Muscovite Mica in carbonate free, low 
carbonate and high carbonate concentration, at constant metal concentration 1 x 10
-5
 mol 
dm
-3
 and particle concentration of 0.005 g cm
3
 at respective equilibration pH of solutions as 
shown in the experimental 
 
An overview of the change in reaction mechanism from first order to second order is 
shown in table 6.5. Thus, Eu sorption is dependent on the concentration of the sorption 
sites and the total Eu speciation in the reaction vessel. As the carbonate concentration 
increased, the rate constants remained negative for PFO reactions while for PSO, the 
rate constants changed from negative to positive values (table 6.5). R
2
 values decreased 
as; HC > LC > LC system as shown in table 6.5 for PFO, while for PSO there was no 
difference in the three systems. For the PSO model, the initial rate constant *h = k2qe
2 
(rate constant as t approaches zero) changes from negative to positive as the 
concentration of carbonate increased in the CF, LC and HC systems. The effect of 
carbonate on the order of reaction is visible from the observations in table 6.5. For 
carbonate rich systems, sorption is influenced by EuOH(CO3)2(aq)
2-
 Eu(OH)2CO3(aq)
-
, 
and EuOHCO3(aq). However, the net negative charge on the Eu species can reduce the 
rate of the sorption process. In the study of radionuclide retardation, where the metal is 
complexed with anionic species, the net sorption rate can be influenced by intra-particle 
diffusion.  
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Table 6.3: Fit parameters for second order kinetics for Eu sorption to granitic rocks and minerals in different carbonate solutions. Table shows initial rate 
constant *h = k2qe
2
 ( rate constant as t approaches 0) changes from negative to positive as the concentration of carbonate increased from CF, LC and 
HC systems. Values derived from linearised isotherms from equation 20. Data collected at the respective equilibration pH and room temperature at 
constant metal concentration. 
 
Carbonate free Low carbonate High carbonate 
K2 
(mol g-1 h-1) 
*h 
(mol g-1h-1) 
(*h = k2qe
2) 
qe 
(mol g-1) 
R2 
K2 
(mol g-1 h-1) 
*h 
(mol g-1h-1) 
(*h = k2qe
2) 
qe 
(mol g-1) 
R2 
K2 
(mol g-1 h-1) 
*h 
(mol g-1h-1) 
(*h = k2qe
2) 
qe 
(mol g-1) 
R2 
Biotite 
Granite 
-12.25 -5.3 x 10-4 6.6 x 10-3 0.99 -11.7 -5.0 x 10-4 6.5 x 10-3 0.99 14.1 4.2 x 10-4 6.5 x 10-3 0.99 
Grey 
Granite 
-838.8 -1.5 x 10-6 4.4 x 10-5 0.99 -13.1 -5.6 x 10-4 6.5 x 10-3 0.99 27.6 1.1 x 10-3 6.3 x 10-3 0.99 
Rapakivi 
Granite 
-860.3 -1.5 x 10-6 4.2 x 10-5 0.99 -11.1 -4.6 x 10-4 6.4 x 10-3 0.99 70.4 3.0 x 10-3 6.5 x 10-3 0.99 
Rose 
Quartz 
-3837 -1.4 x 10-7 6.1 x 10-6 0.94 -198 -8.3 x 10-3 6.5 x 10-3 0.99 3.5 1.2 x 10-4 5.8 x 10-3 0.97 
Orthoclase 
Feldspar 
-1387 -2.4 x 10-6 4.2 x 10-5 0.99 -16.8 -6.7 x 10-4 6.4 x 10-3 0.99 3.4 1.7 x 10-4 6.6 x 10-3 0.98 
Muscovite 
Mica 
-980 -1.7 x 10-6 4.2 x 10-5 0.99 -7.3 -2.9 x 10-3 2.0 x 10-2 0.99 3.7 1.4 x 10-4 6.1 x 10-3 0.99 
 
K2 is pseudo second order rate constant, (mol g
-1
 h
-1
).        
*h is the rate constant as t approaches zero.  qe is the amount bound at equilibrium(mol g
-1
); 
Where *h = k2qe
2
 can be described as the initial rate constant as t approaches zero. 
qt is the amount of metal ion on the mineral surface (mol g
-1
) at any time t.  
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Table 6.4: Rate constants for intra-particle diffusion for Eu sorption to granitic materials in CF, 
LC and HC systems. Table shows the extent to which sorption data fitted to the IPD model. 
MM shows the least fit to IPD model. Data derived from linearised plots of the model 
(equation 6.7), the rate Kid measured in mol g
-1
 h
-0.5
. 
 BG GrG RG RQ OF MM 
Carbonate free 
-7 x 10
-5
 
R
2
 = 0.98 
-6 x 10
-5
 
R
2
 = 0.93 
-6 x 10
-5
 
R
2
 = 0.89 
-2 x 10
-5
 
R
2
 = 0.80 
-4 x 10
-5
 
R
2
 = 0.77 
1 x 10
-5
 
R
2
 = 0.45 
Low carbonate 
-6 x 10
-5
 
R
2
 = 0.93 
-5 x 10
-5
 
R
2
 = 0.88 
6 x 10
-5
 
R
2
 = 0.99 
1 x 10
-3
 
R
2
 = 0.87 
2 x 10
-4
 
R
2
 = 0.95 
1 x 10
-4
 
R
2
 = 0.76 
High carbonate 
-3 x 10
-5
 
R
2
 = 0.93 
7 x 10
-5
 
R
2
 = 0.98 
1 x 10
-4 
R
2
 = 0.97 
1 x 10
-3
 
R
2
 = 0.87 
-3 x 10
-5
 
R
2
 = 0.55 
1 x 10
-3
 
R
2
 = 0.76 
 
 
6.10 Effect of carbonate on Kinetics 
 
The effect of carbonate on the sorption kinetics is summarised in table 6.5 in terms of 
the sign (positive or negative) of the rate constant, the initial rate (h in the table) and the 
fit to the model. The table demonstrates the effect of carbonate on the sorption rates.  
 
Table 6.5: Table relating PFO and PSO kinetics to different carbonate systems, showing the 
relative trends of the different sorption parameters obtained from kinetic data. The signs (-
) and (+) indicate the extent to which the model describes the data, which is also 
highlighted by the root mean square value. 
                              Increasing carbonate concentration 
 CF LC HC 
PFO - - - 
PSO - + +++ 
Initial rate - - + 
PFO Fit Low High Very high 
PSO Fit Very High Very High Very High 
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6.11 Conclusions 
 
Taking into consideration the complexity of the speciation of Eu in different carbonate 
concentrations, it can be concluded that carbonate in the groundwater might affect the 
sorption mechanisms by which granitic rocks will retard sorption. Generally high 
carbonate concentrations are seen to affect the initial rates. From the results of the 
kinetic experiments the following conclusions can be made. Using empirical models it 
has been shown for all the systems that the presence of carbonate affected not only the 
rate but also the sorption capacity. Except for RQ where the presence of carbonate 
enhanced both the Rd and the maximum concentration bound, carbonate decreased the 
Rd and maximum concentration of Eu bound for the granitic rocks, OF and MM. From 
the results it can be seen that:  
1. Sorption was fast initially, and reached saturation at longer equilibration times 
(desorption observed for Eu sorption to MM in CF system above 42 h 
equilibration.  
2. The presence of carbonate in solution can altere the overall speciation of the 
metal in solution which can affect sorption rates. 
3. Sorption data fitted to the PFO kinetic model partially for most cases fewer than 
200h of equilibration. Data fitted to the PFO model as the concentration of 
carbonate increased in solution 
4. Sorption data fitted to the PSO model when the entire equilibration period is 
considered. 
5. The effect of intra-particle diffusion is shown, with MM showing the least 
dependence on IPD. 
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Chapter 7 
 
Sorption of Radionuclides to Granitic Materials in 
Multi-element Systems 
 
7.1 Introduction 
 
The safe disposal of radioactive wastes, especially the aqueous high level radioactive 
waste originating from the reprocessing of spent nuclear fuels, is a matter of great 
relevance and importance. At present the immobilisation of High Level Waste (HLW) 
into vitreous matrices followed by their burial in deep geological repository systems, 
which are composed of natural and engineered barriers to isolate the long lived 
radionuclides from the biosphere is the preferred procedure in many countries. Granitic 
rock formations, amongst others, are being considered as host rocks for such geological 
repositories (83). The study of the sorption of radionuclides onto the geological media 
such as rocks or minerals is, therefore, an important part of the safety assessment of 
deep geological disposal of radioactive waste. The mechanisms by which metals may be 
removed from the aqueous solution by interaction with minerals include precipitation, 
cation exchange and adsorption including both inner and outer-sphere complexation. 
  
Based on laboratory migration experiments on radionuclides in a single fracture, two 
types of retardation mechanisms have been proposed; surface sorption at the fracture 
walls and diffusion into the rock matrix. Both types of sorption reactions are assumed to 
be fast, reversible and can be modelled by using the distribution coefficient obtained by 
equilibrating solutions containing the radionuclides of interest with the rock and surface 
or rock matrix respectively (138). 
 
A number of experiments and reviews on the sorption of radionuclides have been 
performed in the past, usually with the intention of recommending Kd values for various 
radionuclides. Although these values have been used in performance assessments there 
has been little or no consideration on the effect of other radionuclides competing for the 
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sorption sites at the wetted surfaces in the rock fractures. In scenarios resulting in the 
failure of the engineered barrier systems, the release of more than one long-lived 
radionuclide into conducting fractures is possible. Reviews of the sorption literature 
have shown that only limited data are available for the sorption of Ni on crystalline rock 
and on the primary and secondary minerals found in granitic rocks (57). Recently in 
(2008) the effect of competition has been examined by Prasad and colleagues working 
with the simultaneous competitive effect(s) of Pb(II), Cu(II) and Zn(II) on each other 
(139). The complexity of the sorption mechanisms resulting from solute-surface 
interactions and competition of metal ions with each other may explain the scarcity of 
papers on this topic (139). 
 
7.2 Objectives 
 
The aim of this work was to model the sorption of 
63
Ni and 
152
Eu, when they were 
present in solution alone (single system) and when both were present in solution (mixed 
system) using empirical and surface complexation models. In this work static batch 
sorption experiments have been carried out using active 
63
Ni serving as a representative 
divalent cation relevant to nuclear waste of other divalent cation relevant to nuclear 
waste. 
152 
Eu also has been selected to serve as an analogue for other trivalent elements 
such as 
241
Am and other similar ionic radii radionuclides 
238
U. Granitic rock samples 
and minerals have been used as representative materials for the host rock. 
 
Despite the considerable knowledge acquired about radionuclide retention at the atomic 
scale, the prediction of radionuclide sorption at the whole-rock scale is still a challenge 
because of the mineralogical complexity of natural rocks (nature of the phase in contact 
with water, nature and density of sites, surface area). Different approaches have been 
used to model whole-rock particle or bulk sediment sorption processes (115). One of the 
several models commonly used to model sorption data is the Generalised Composite 
(GC) approach. It assumes that a mineral assemblage is too complex to be described as 
a superposition of the individual phases. In this approach, sorption is described using 
generic sites (notation: ≡SOH) and the values of the site densities and formation 
constants are obtained by fitting the experimental data (115).  
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Various empirical approaches, such as the distribution coefficient and Freundlich and 
Langmuir isotherm equations, have been used to represent adsorption. The empirical 
approaches are not capable of accounting for the effects of variable chemical conditions, 
such as pH, on adsorption reactions. This can be done using chemical models such as 
surface complexation models. These models define specific surface species, chemical 
reactions, equilibrium constants, mass balances, and charge balances, and their 
molecular features can be given thermodynamic significance (43). Surface 
complexation models were developed for single mineral phases but have now been 
applied to natural mineral assemblages using both component generalised composite 
(GC) approaches (43). This work is aimed at modelling the sorption of 
63
Ni and 
152
Eu to 
granitic materials using the GC approach (section 1.10 of this thesis).  
 
7.2.2 Surface complexation models (SCM) 
 
Mechanistic models have intrinsic advantages over empirical values when trying to 
justify sorption values chosen for safety assessment analysis and when it is necessary to 
predict sorption under a variety of different conditions (38). In surface complexation 
models, ions and individual functional groups on the surface are considered to react to 
form coordination complexes and ion pairs (39). Experimental data on interactions at 
the mineral-electrolyte interface can also be represented mathematically using 
mechanistic models such as the surface complexation models (SCM) (140), which are 
based on thermodynamic concepts such as mass action laws and material balance 
equations. Three types of surface species are usually considered: protonated and 
hydrolysed surface sites; surface sites coordinated with major ions of the background 
electrolyte; and surface-sorbate complexes. The chemical reactions that take place can 
be described solely in thermodynamic terms, the detailed nature of the surface 
complexes being irrelevant (140). Generally, the surface hydroxide groups are written 
as identical diprotic weak acid groups which react as (140): 
 ≡SOH2
+
     ⇌      ≡SOH + H+ 
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1
2
SOH  H
 
SOH
aK
 
≡SOH     ⇌       ≡SO- + H+ 
2
SO  H
[ SOH]
aK  
 
7.2.3 Effect of competition 
 
The study of adsorption in multi-component systems shows a higher level of complexity 
than single radionuclide systems because of the solute-surface interactions and potential 
competition of metal ions with each other for sorption sites. The effect of ionic 
interactions on the sorption process may be represented by the ratio of the amount of 
sorption of one metal ion in the presence of the other metal ion(s) Qmix
 
to the amount of 
sorption of the same metal ion when it is present alone in solution Qsing (139). 
 
 
sin
1
mix
g
Q
Q
, the sorption is promoted by the presence of other metal ions, whereas  
 
sin
1
mix
g
Q
Q
, there appears to be no observable effect, and if: 
 
sin
1
mix
g
Q
Q
, it would indicate that sorption is suppressed by the presence of other 
metal ions in solution (139).  
 
In static batch sorption experiments, the concentration of metal bound is often directly 
related to the distribution ratio. The above expressions make use of the maximum 
concentration of the metal bound, however, no information on the concentration of the 
metal remaining in solution is shown. The approach used in this study is to compare the 
Rd in mixed and single systems, as the Rd is a true representation of the changes in 
solution and on the solid surfaces. 
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The main constituents of silica-rich rock types such as granite are quartz, feldspars, and 
mica (table 7.1) (4). The sorption properties of intact rock will obviously depend on the 
constituents of the different individual components of the rock. Therefore, the present 
study did not only focus on granitic rocks, but also their individual components. The 
solids considered were Granite Adamellite (GA), Grey Granite (GrG), Rapakivi Granite 
(RG), Muscovite Mica (MM), Orthoclase Feldspar (OF) and Rose Quartz (RQ) were 
supplied by UK Geological Equipment as intact samples. 
 
Table 7.1: Chemical composition of different minerals found in granite, adapted from (4) 
Mineral Chemical composition 
Quartz SiO2 
Biotite K(Mg,Fe)3(AlSi3O10)(OH)2 
Orthoclase Feldspar KAlSi3O8 
Plagioclase Feldspar NaAlSi3O8-CaAl2Si2O8 
 
 
7.2.4 Effect of surface area 
 
Sorption strongly depends on the specific surface area, which varies significantly for 
different materials, especially for heterogeneous substances such as granitic rocks. 
Alonso and co-workers (91)  have proposed the use of a new parameter Rd*
 
to describe 
the dependence of sorption on surface area. This methodology has been adopted by the 
present study.
 
The Rd calculated from static batch sorption is corrected for effective 
surface area to give Rd*. Rd* is defined as the Rd per surface area. 
*
d
d
MeasuredR
R
BETSurfaceArea
    (7.1) 
 
The BET surface areas used are mean values calculated from individual measurements 
for different granitic rocks and minerals. 
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JChess (35) speciation software indicated that Ni
2+
 was the predominant species in 
solution over the concentration range of 1 x 10
-5
 to 1 x 10
-14
 mol dm
-3
.  Below pH of ca. 
7.5, the major species were Eu2(OH)2
4+
 and Eu
3+
. The high positive charge on both 
species plays an important role for Eu sorption to negatively charged surfaces in 
solution. 
 
7.2.6 Proton exchange capacity measurement 
 
The proton exchange capacity (PEC) is an important input parameter for SCM 
modelling with the JChess speciation code (35).  Using Metrohm 857 Titrando auto-
titrator, coupled with Metrohm 6.0258.010 pH probe and Metrohm 800Dosino 
dosimeter, the equivalent points for three granitic rocks (Granite Adamellite, Grey 
Granite, and Rapakivi Granite) and three  granitic mineral (Rose Quartz, Orthoclase 
Feldspar and Muscovite Mica) were determined, after titrating with 2 M NaOH (NaOH 
pellets ≤ 1.0 % sodium carbonate supplied from Sigma Aldrich were used, and purified 
by the method described by Sipos et. al (141)
1
, at a dosing rate of 0.1 cm
3
 per minute, 
stirring at 60 r.p.m. Table 7.2 shows the equivalence points and volumes from which the 
surface charge and exchange capacity has been determined for the different solids, from 
titrimetric experiments. 
 
 
 
 
Table 7.2:  Proton exchange capacity measurements for different solids used, determined from 
titrimetric experiments using Metrohm 6.0258.010 pH probe and Metrohm 800Dosino 
dosimeter  and 2 mol dm
-3
 NaOH and 0.1 g of pulverised sample of particle 46 - 250 
                                                          
1
Carbonate is removed from highly concentrated sodium hydroxide solutions by the salting out of 
Na2CO3; ca. 20 M aqueous NaOH solution is prepared and allowed to stand for at least 2 days. Part of the 
Na2CO3(s) settles while some forms a solid crust on the solution surface. ‘Carbonate-free’ NaOH solution 
is then obtained by decantation or siphoning of the supernatant and diluted to the desired concentration. 
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microns.BET surface area determined by Nitrogen adsorption. EP-pH is the pH at 
equivalence point, EP-Volume of base at equivalence point. 
Sample EP-pH 
EP-Volume 
(cm
3
) 
BET 
Surface area 
(m
2
) 
mass 
(g) 
Charge 
(C) 
Exchange  
Capacity 
(mol m
-2
) 
Granite Adamellite (GA) 7.5 2.0 2.9 0.1 6.1 x 10
-5
 2.2 x10
-10
 
Rose Quartz(RQ) 5.6 2.6 0.9 0.1 4.8 x 10
-3
 5.9 x 10
-8
 
Orthoclase Feldspar (OF) 5.9 2.9 1.5 0.1 3.1 x 10
-3
 2.0 x 10
-8
 
Milk quartz (MM) 2.2 0.4 1.7 0.1 12.2 7.41 x 10
-5
 
 
 
The total number of protons released at the mineral-water interface depends on the 
hydrolysis of surface groups and the electrostatic interactions of hydrated cations with 
the mineral surface. The formation of negative surface charge on minerals corresponds 
to the concentration of protons released from -OH groups by the reactions shown in the 
equations below (142) (143).  
≡SOH  ⇌  ≡SO- + H+     (7.2) 
 
≡SOH + nH2O.M
Z+
 ⇌ ≡SO- + nH2O.M
Z+
 + H
+ 
(7.3) 
 
Where ≡SOH is a surface bound species responsible for proton exchange. 
 
The surface charge that develops at silica surfaces corresponds to the concentration of 
protons released from silanol functional groups by reactions 7.8 and 7.9 above. The 
total surface charge does not distinguish between contributions made by both equations 
above. Thus, the proton exchange capacity is calculated by determining the difference 
of the total proton concentration and the free proton and hydroxyl concentrations from 
the potentiometric measurements and normalising to the surface area of the mineral in 
the titration vessel (142). 
7.3 Results and discussion 
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Results obtained from static batch sorption experiments were analysed using the 
generalised composite approach, by fitting data to empirical models discussed earlier 
and to surface complexation models. The JChess geochemical code was used to obtain 
surface complexation parameters. Modelled data are displayed as sorption isotherms. 
By fitting the models to the experimental data, surface complexation parameters were 
assigned to experimental data from the different systems studied. However, only a few 
cases have been modelled using JChess. No modelling was done for the granitic rock 
sample due to the heterogeneous nature of the mineral phases. The effect of competition 
(in cases where saturation is attained) was modelled by comparing the maximum 
absorbable material in mixed and single systems. The best fit sorption model was 
determined using the least square method. The results for different granitic samples are 
discussed below.  
 
7.3.1 Application of empirical models to sorption data 
 
7.3.2 Granite Adamellite 
 
Sorption isotherms for Ni and Eu on Granite Adamellite in both single and mixed 
systems are shown in figure 7.1. Best fit sorption models have been calculated and are 
shown in table 7.3. The results showed a shift in the best-fit sorption model from 
Linear, for the single systems of Ni and Eu, to Langmuir for mixed systems of Ni and 
Eu. Using the Linear model, the Rd values were derived from the gradients of the 
sorption isotherms of the concentration of metal bound as a function of the 
concentration of metal in solution. Table 7.3 shows the sorption parameters after fitting 
the sorption data to the Langmuir and the Linear models. The Rd values for Eu were 
101.1 and 27.0 cm
3
 g
-1
 for single and mixed systems respectively. The results show that 
Eu sorption is suppressed in the presence of Ni. Thus, Ni could be affecting Eu binding 
to the sorption on the mineral surface. For Ni, the sorption process was also suppressed 
in the presence of Eu in solution as shown by the Rd values of 0.7 and 1.3 cm
3
 g
-1
 
obtained for Ni sorption to GA in mixed and single systems respectively. It is therefore, 
possible that the presence of two or more radionuclides in solution could suppress the 
sorption of a particular radionuclide. The Rd values calculated for Ni are in accordance 
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with those calculated by Ticknor (57), using different synthetic groundwaters and 
granite.  
 
The main assumption of the Langmuir model is that the sorption process occurs with 
eventual saturation of sorption sites. The good fit of the sorption data to the Langmuir 
model for Ni sorption in the mixed system would suggest that there is a decrease in 
available sorption sites due to the presence of Eu in solution. For single systems 
containing Ni or Eu, sorption data fitted best to the Linear model shown by the fit 
parameter R
2
 of 0.99 for both Eu and Ni (table 7.3). 
   
Figure 7.1 shows the sorption isotherms for Eu and Ni in mixed and single systems. The 
Isotherms show that there is no difference in the sorption profiles for Ni and Eu, this is 
because there is no competition for the vacant sites for both Eu and Ni sorption in both 
systems. Differences in Eu and Ni isotherms will occur as the sorption sites become 
saturated at higher concentrations of metal. Below the saturation point there is no 
competition for the sites and as such Eu and Ni will show similar sorption profiles in 
mixed and single systems.  
 
Modelling the multi-element sorption effect as shown in table 7.4 showed that the 
presence of Ni and Eu in a mixed system affected the sorption processes of each other, 
as shown by the enhancement/suppression factor calculated. Suppression factors of 0.2 
and 0.3 are calculated for Ni and Eu respectively. The results indicate that in a multi-
element system Ni immobilisation could be reduced compared to that of Eu in the same 
system. The reason for the suppressed sorption for Ni and Eu in mixed systems could be 
due to the arrangement of the metal ions on the surface. It is noted that the sorption 
mechanism changed from Linear to Langmuir for Ni sorption. The Langmuir model 
permits a monolayer sorption mechanism with an upper bound to the amount of metal 
ions sorbed at the experimental conditions. The Linear model has no upper limit within 
the concentration. Despite the considerable knowledge acquired about radionuclide 
retention at the atomic scale, the prediction of radionuclide sorption at the whole-
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rock/mineral scale is still a challenge because of the mineralogical complexity of natural 
rocks (115).  
 
 
Eu sorption to GA is high compared to that of Ni as shown by Rd values (table 7.3). The 
reason for this difference could be explained by the speciation of both metals in 
solution. Between pH 7 and 8, Ni remains in solution as Ni
2+.
 However, this is not the 
case with Eu, the main Eu species in solution are Eu
3+
 and Eu2(OH)2
4+
. The presence of 
the high positively charge species led to enhanced sorption to the surface sites (≡SOH) 
as postulated below. 
≡SOH + Eu3+  ⇌ ≡SOEu2+ + H+ 
2S≡OH + Eu2(OH)2
4+
 ⇌  (≡SO)2Eu2(OH)2
2+
 + 2H
+
 
 
 
Figure 7.1: Log [Ni, Eu] bound as a function of Log [Ni, Eu] in solution, in a  Ni and Eu system, 
containing 40 cm
3
 of aqueous solution of Ni
2+
 and Eu
3+
, in the presence of 0.2 g of Granite 
Adamellite (particle size 46-250 µm). Experimental data were obtained from static batch 
sorption experiments, equilibration period of ca. 7 day and pH ca. 7.5. Background 
electrolyte was deionised water and carried out at room temperature under normal 
atmospheric conditions. 
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Table 7. 3: Sorption parameters for statistic batch sorption experiments for Eu and Ni sorption to 
granitic materials in mixed and single systems. Data obtained from modelling using empirical 
models with emphasis on the Linear model. Table shows Rd values derived from the gradient of the 
sorption isotherm of concentration of metal bound as a function of concentration of metal in 
solution, after equilibration. Particle size 46-250 µm, equilibration period of ca. 7 day and pH ca. 
7.5. Background electrolyte was DI and carried out at room temperature under normal 
atmospheric conditions. K is a constant relating to the strength of the metal-surface complex. B is 
the maximum concentration of bound for an initial concentration of 5.0 x 10
-5
 mol dm
-3
. 
 Langmuir Linear Kd Mean Rd  
 
B 
mol dm
-3
 
K 
(dm
-3
 meq
-1
) 
R
2
 
Rd 
(cm
3 
g
-1
) 
R
2
 
*Rd 
(cm
3
 g
-1
) 
Rd* 
(cm
3
 g
-1
m
-2
) 
Eu Mixed system 
Granite Adamellite (GA) 3.54 x 10
-5
 6.4 x 10
6
 0.99 27 0.99 
205.4 
 
7 
Rose Quartz (RQ) - - 0.43 0.45 0.98 1.2 110.0 
Plagioclase Feldspar (PF) 1.05 x 10
-5
 3.0 x 10
5
 0.88 1.4 0.99 3.1 53.2 
Muscovite Mica (MM) - - 0.79 147 0.99 195.1 89.0 
Eu Single system 
Granite Adamellite (GA) - - 0.76 101 0.99 192.9 1700 
Rose Quartz (RQ) 6.0 x 10
-6
 1.1 x 10
5
 0.99 1.3 0.89 93.5 2690 
Plagioclase Feldspar (PF) 2.6 x 10
-5
 3.5 x10
5
 0.99 10.8 0.97 85.1 1370 
Muscovite Mica (MM) - - 0.20 174 0.99 151.3 2220 
Ni Mixed system 
Granite Adamellite (GA) 3.7 x 10
-6
 1.8 x 10
6
 0.99 0.74 0.87 5.7 66.5 
Rose Quartz (RQ) - - 0.74 0.4 0.99 0.9 1.0 
Plagioclase Feldspar (PF) - - 0.04 0.6 0.99 0.5 0.3 
Muscovite Mica (MM) 2.8 x 10
-5
 2.2 x 10
7
 0.99 16 0.97 349.9 205.8 
Ni Single system 
Granite Adamellite (GA)  2.4 x 10
4
 0.82 3.0 0.99 5.3 0.18 
Rose Quartz (RQ) - - 0.01 0.8 0.99 0.9 1.0 
Plagioclase Feldspar (PF) - - 0.02 61 0.99 1.0 0.6 
Muscovite Mica (MM) 4.3 x 10
-5
 7.7 x 10
6
 0.96 1530 0.98 332.0 195.3 
 
 
7.3.3 Rose Quartz 
 
Quartz is an important mineral in granitic rocks and has been studied in an attempt to 
understand the different sorption properties of the constituent minerals of granitic rocks. 
Figure 7.2 shows the sorption isotherms for Ni and Eu sorption in mixed and single 
system. The sorption isotherm for Eu sorption in Ni-free system showed saturation of 
sorption sites at concentration of 6.0 x 10
-6
 mol dm
-3
 with data fitting best to the 
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Langmuir model ( R
2
 = 0.99). Fitting the data to the Linear model, sorption data showed 
good fits for Eu and Ni sorption in a mixed system, and for Ni sorption in a Eu-free 
system (Sorption parameters are shown in table 7.3).   
 
No change in the best-fit sorption model was observed for Ni sorption in both systems, 
however, a change from Langmuir (Single system) to Linear (Mixed system) is 
observed for Eu sorption as shown by data in table 7.5. Modelling the effect of 
competition showed that Eu and Ni sorption was suppressed in both mixed and single 
systems, as shown by the calculated suppression factors of 0.8 and 0.5 for Eu and Ni 
respectively. 
 
Rd values were calculated as 1.3 and 1.0 cm
3 
g
-1 
for Eu in single and mixed systems 
respectively while for Ni, the Rd was 0.8 and 0.4 cm
3
 g
-1
 for single and mixed systems 
respectively. The fact that Ni is weakly sorbing to quartz has been shown by Ticknor 
(57), who reported Rd values in the range 0.05 to 3.6 cm
3
 g
-1
 for Ni sorption to quartz in 
different synthetic groundwater systems. Cornell and Aksoyoglu (62) had shown earlier 
(in 1992) the low sorption ability of quartz. They obtained an Rd of 1.6 cm
3
 g
-1 
for an 
initial metal concentration of 1.1 x 10
-7
 mol dm
-3
. The results obtained in this work for 
Ni sorption in a single system agree with results from the above mentioned authors. The 
mean Rd values and the Rd values obtained from the linear model are in the range 0.50 
to 2 cm
3
 g
-1
, which is in good agreement with values measured by previous authors as 
seen above. 
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Figure 7.2: Log [Ni, Eu] bound as a function of Log [Ni, Eu] in solution, in a  Ni and Eu system, 
containing 40 cm
3
 of aqueous solution of Ni
2+
 and Eu
3+
, in the presence of 0.2 g of RQ 
(particle size 46-250 µm). Experimental data were obtained from static batch sorption 
experiments, equilibration period of ca. 7 day and pH ca. 7.5. Background electrolyte was 
DI and carried out at room temperature under normal atmospheric conditions. 
 
7.3.4 Feldspar 
 
Feldspar like quartz is a constituent of granitic rocks. No change of sorption model was 
observed for mixed and single systems for both Eu and Ni sorption. However, Results 
showed Ni sorption in the presence of Eu was suppressed (table 7.4). Rd values were 
calculated as 0.8 and 0.6 cm
3
 g
-1
 for single and mixed systems respectively, giving a 
suppression factor of 0.8. However, due to the low Rd values in both mixed and single 
systems, the sorption process can be said to be the same. Eu sorption was enhanced in a 
mixed system (table 7.4). An enhancement factor of 0.16 calculated for Eu sorption to 
PF. The low enhancement factor showed that Eu sorption was affected in the presence 
of Ni. The results obtained for Ni sorption to Plagioclase Feldspar are in agreement with 
values obtained by Ticknor (57) (1 to 66 cm
3
 g
-1
 in different synthetic groundwater). 
The results show that sorption to PF in a multi-element system is not enhanced based on 
the Rd values measured. 
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Figure 7.3: Log [Ni, Eu] bound as a function of Log[Ni, Eu] in solution, in a  Ni and Eu system, 
containing 40 cm
3
 of aqueous solution of Ni
2+
 and Eu
3+
, in the presence of 0.2 g of PF 
(particle size 46-250 µm). Experimental data were obtained from static batch sorption 
experiments, equilibration period of ca. 7 day and pH ca. 7.5. Background electrolyte was 
DI and carried out at room temperature under normal atmospheric conditions. 
 
7.3.5 Muscovite Mica 
 
Fitting data to the different models showed the Linear model best described the sorption 
data obtained for Eu as shown by R
2
 values (table 7.3). Rd values of 174 and 147 cm
3
 g
-1 
were obtained
 
for single and mixed systems respectively) giving an enhancement factor 
of 0.8, this showed sorption was suppressed in the presence of Ni with no change of 
sorption model. Data in table 7.3 and 7.4 show that Ni sorption was also suppressed in 
the presence of Eu. Rd values of 61 and 16 cm
3
 g
-1 
were obtained after fitting the data to 
the Linear model. Observations from table 7.3 showed that Ni sorption occurred by 
multilayer sorption in both mixed and single systems for Ni and Eu. Results obtained 
for Ni sorption to Muscovite Mica showed high Ni sorption compared to the rest of the 
granitic minerals. Rd values of 55 to 950 cm
3
 g
-1 
were obtained in different synthetic 
groundwater by Ticknor (57). Results obtained for Ni in a mixed system fall in the 
above mentioned range. 
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Figure 7.4: Log [Ni, Eu] bound as a function of Log [Ni, Eu] in solution, in a  Ni and Eu system, 
containing 40 cm
3
 of aqueous solution of Ni
2+
 and Eu
3+
, in the presence of 0.2 g of MM 
(particle size 46-250 µm). Experimental data were obtained from static batch sorption 
experiments, equilibration period of ca. 7 day and pH ca. 7.5. Background electrolyte was 
DI and carried out at room temperature under normal atmospheric conditions. 
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Table 7.4: Sorption parameters for statistic batch sorption experiments for Eu and Ni sorption to granitic materials in mixed and single systems. Data 
obtained from modelling using the Linear model. Table shows the effect of competition on the Rd value for mixed and single systems. The effect of 
competition is shown by the ratio Rdmix and Rdsing.  For ratio > 1 sorption is enhanced, < 1 sorption is suppressed, and = 1, no effect. Particle size 46-
250 µm, equilibration period of ca. 7 day and pH ca. 7.5. Background electrolyte was DI and carried out at room temperature under normal 
atmospheric conditions. 
Eu Ni 
 
Rdsing 
(cm
3
 g
-1
) 
Rdmix 
(cm
3 
g
-1
) Rd mix /Rdsing Remarks 
Rdsing 
(cm
3
 g
-1
) 
Rdmix 
(cm
3
 g
-1
) Rdmix /Rdsing Remarks 
Granite Adamellite (GA) 101.1 27 0.3 suppressed 3.0 0.74 0.2 suppressed 
Rose Quartz (RQ) 1.3 1.0 0.7 suppressed 0.8 0.4 0.5 suppressed 
Plagioclase Feldspar (PF) 10.8 1.4 0.1 Suppressed 0.8 0.6 0.8 suppressed 
Muscovite Mica (MM) 174 147 0.8 suppressed 61 16 03 Suppressed 
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7.3.6. Variation of empirical models with competition 
 
Changes in sorption mechanisms are possible either due to the interaction of bound 
radionuclides with that in solution or due to sorption site modification by species 
already on the surface. 
 
Table 7.5: Variation of sorption models, for Eu and Ni sorption to different granitic materials in 
mixed and single systems. Table shows best fit models determined by fitting the data to 
linearised empirical models from which the root mean square values are calculated. 
Sample EuSing EuMix NiSing NiMix 
Granite Adamellite (GA) Linear Linear Linear Langmuir 
Rose Quartz (RQ) Langmuir Linear Linear Linear 
Plagioclase Feldspar (PF) Linear Langmuir Linear Linear 
Muscovite Mica (MM) Linear Linear Linear Linear 
 
 
7.3.7 Modelling with Surface complexation models 
  
Mechanistic models have intrinsic advantages over empirical values when trying to 
justify sorption values chosen for safety assessment analysis and when it is necessary to 
predict sorption under a variety of different conditions (38). In surface complexation 
models, ions and individual functional groups on the surface are considered to react to 
form coordination complexes and ion pairs (39). The general equation for the 
interaction of the metal ion with an oxide substrate may be expressed by the following 
equation (41) (48) 
 
M
n+
 + x(≡SOH) = [M (≡SOH) x]
(n-x)+
 + xH
+
   7.4 
 
Using the JChess code, with the input parameters shown in table 7.6, modelled values 
were fitted to experimental data. Log K values for the complexation of metal to surface 
sites at the mineral surfaces were determined as shown in table 7.6 for mixed and single 
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systems. Complexation constants give an indication of the strength of the metal-solid 
complex and are analogous to the Langmuir constant K or the Rd. In this study, a 
parallel comparison is made for the non-electrostatic correction models (Linear) and the 
electrostatic correction model (using the double layer theory for electrostatic correction 
term (35). 
 
7.4 Quartz-Ni single system (Rose Quartz) 
 
Correlating experimental data, to modelled data using log K values of -5 and -4.2 for 
mono and bi-dentate binding, showed that the experimental data were in agreement with 
the model as shown in figure 7.5. The SCM agreed with experimental data with the 
concentration range studied. However, saturation of sorption sites is attained for the 
model. Based on the calculated concentration of sorption sites, the surface complexation 
of Ni to Rose Quartz, in a single system is monodentate bonding. JChess output data for 
Ni binding in Eu free system at the stated complexation constant showed that Ni 
sorption was dominated by mono dentate binding. The concentrations of mono and bi-
dentate surface sites were calculated as 8.2 x 10
-7
 and 7.0 x 10
-11
 mol dm
-3
. Thus, the 
sorption process can be represented by  
 
≡Quartz-OH + Ni2+ ⇌ ≡Quartz-ONi+  Log K = -5  
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Figure 7.5: Log-Log sorption isotherms for Ni sorption to Rose Quartz. Figure shows modelled data 
and experimental data for Ni sorption to Rose Quartz, in Eu free system. Modelled data 
obtain using JChess geochemical code. The input parameters: exchange capacity for 
quartz 5.9 x 10
-2
 µmol m
-2
, pH 7.5, particle radius 1.4 nm, at rtp and Log K values of -4 and 
-5.2 respectively for monodentate and bidentate surface complexation. 
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Table 7.6: Surface complexation parameters for Ni and Eu sorption to different granitic minerals. 
Data were obtained by fitting JChess sorption models to experimental results by best- fit 
method of the sorption isotherms. Modelling was done using different JChess input 
parameters at constant pH of 7. 5. 
Solid-volume 
ratio 
0.005 g cm
-3
 
Concentration  
of metal 
1 x 10
-14
 to 10
-4
 mol dm
-3
 
BET Surface 
 area 
Quartz (0.85 m
2
 g
-1
) Feldspar (1.6 m
2
 g
-1
) Mica(1.7 m
2
 g
-1
) 
Particle radius Quartz (1.4 nm) Feldspar (2.7 nm) Mica (2.8) 
Solution pH 7.5 
Dissolution  disabled 
Precipitation disabled 
Temperature Room temperature 
Sample 
Surface 
complexation 
System 
Exchange 
capacity 
µmol m
-2
 
Complexation 
constant 
Concentration 
of 
surface sites 
mol g
-1
 
Quartz 
≡Quartz-O-Ni+ 
≡(Quartz-O)2Ni 
Ni-single 
system 5.88 
 
Log K = -4 
Log K = -5.2 
8.2 x 10
-7
 
7.0 x 10
-11
 
≡Quartz-O-Eu2+ 
(≡Quartz-O)2-Eu
-
 
Eu single 
system 
Log K = -6 
Log K= -10 
5.6 x 10
-8
 
1.4 x10
-8
 
Feldspar 
≡Feldspar-O-Ni+ 
(≡Feldspar-O)2-Ni 
Ni-single 
system 
3.14 
Log K = -3 
Log K = -3.2 
4.8 x 10
-6
 
2.7 x 10
-10
 
≡ Feldspar -O-Eu2+ 
(≡Feldspar -O)2-Eu
-
 
Eu single 
system 
Log K = -2.5 
Log K = -2.5 
8.5 x 10
-8
 
3.8 x10
-13
 
Mica 
≡Mica-O-Ni+ 
(≡Mica-O)2-Ni 
Ni-single 
system 
74 
 
Log K = -3 
Log K = -3 
1.7 x 10
-8
 
7.0 x 10
-6
 
≡Mica-O-Eu2+ 
(≡Mica-O)2-Eu
-
 
Eu single 
system 
Log K = -2.1 
Log K = -2.1 
1.5 x 10
-7
 
1.3 x 10
-9
 
≡Mica-O-Ni+ 
(≡Mica-O)2-Ni 
Ni-Mixed 
system 
Log K = -4 
Log K = -4 
2.0 x 10
-7 
1.0 x 10
-14
 
≡Mica-O-Eu2+ 
(≡Mica-O)2-Eu 
Eu single 
system 
Log K = -5 
Log K = -5 
1.4 x 10
-7 
6.7 x 10
-10
 
 
 
7.4.1 Ni and Eu sorption to Plagioclase Feldspar-single system 
 
Surface complexation modelling was done for both Eu and Ni sorption to Plagioclase 
Feldspar for single systems. Using mono and bi-dentate binding, surface complexation 
constants were adjusted to -3 and -3.2 for mono and bi-dentate binding to obtain a fit 
between the experimental and modelled data, as shown in figure 7.6. Results from 
JChess modelling (JCM) showed sorption to Plagioclase Feldspar occurred by the 
formation of monodentate complex with Ni as supported by the concentration of mono 
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and bidentate surface sites in solution (4.8 x 10
-6
 and 2.7 x 10
-10
 for mono and bi dentate 
respectively). Thus, mono dentate binding dominated the sorption process. 
≡Feldspar-OH + Ni2+ ⇌ ≡Feldspar-ONi+ Log K = -3.0 (mono dentate) 
≡Feldspar-OH + Ni2+ ⇌ (≡Feldspar-O) 2Ni Log K = -3.2 (bi dentate) 
 
Figure 7.6: Log-Log sorption isotherms for Ni sorption to Plagioclase Feldspar in Eu-free system. 
Figure shows modelled data and experimental data for Ni sorption to Plagioclase Feldspar, 
in Eu free system. Modelled data obtain using JChess geochemical code. The input 
parameters: exchange capacity for plagioclase 3.1 x 10
-2
 µmol m
-2
, pH 7.5, particle radius 
2.6 nm, at rtp and Log K values of -3 and -3.2 for monodentate and bidentate surface 
complexation respectively. 
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Figure 7.7: Log-Log sorption isotherms for Eu sorption to Plagioclase Feldspar. Figure shows 
modelled data and experimental data for Eu sorption to Plagioclase Feldspar, in Ni free 
system. Modelled data obtain using JChess geochemical code. The input parameters: 
exchange capacity for quartz 3.1 x 10
-2
 µmol m
-2
, pH 7.5, particle radius 2.6 nm, at rtp and 
Log K value of -2.5 for monodentate and bidentate surface complexation. 
 
Figure 7.7 above shows poor fit between experimental data and modelled data for Eu 
sorption to Plagioclase Feldspar, using surface complexation constant of -2.5 for both 
mono and bi-dentate. The reasons for the deviation between the model and the 
experimental can be attributed to the purity of the solid sample (Plagioclase Feldspar). 
Due to limited knowledge of the exact purity of the samples, the mineral sample cannot 
be considered pure as compared to that used by the model. The presence of impurities in 
the sample can affect the sorption profile of the same mineral used by the model, also, 
due to the complexity of Eu speciation in water, the interaction of the different species 
with the solid can be complex, resulting in deviation from theoretically defined sorption 
profiles. However, from the modelled results sorption was dominated by monodentate 
binding (from the concentrations of surface sites in table 7.6.) 
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7.4.2 Muscovite Mica - Ni single and mixed systems 
 
Sorption isotherms for Muscovite Mica (figure 7.4) showed the sorption profiles of Ni 
and Eu were identical in single and mixed system. Modelled data for Ni sorption in 
single and mixed systems are shown in figures 7.8 and 7.9 respectively. Figures show 
good correlation between the experimental data and modelled data for the stated Log K 
values (-3 for mono and bi-dentate, Ni-mica single system, and -2.1 mono and bi-
dentate, Ni-mica mixed system). From modelled data, it can be concluded that Ni 
sorption is dominated by b-dentate binding, as seen from the concentration of surface 
sites (table 7.6). The concentration of Ni binding by mono dentate is 1.7 x 10
-8
 and 
while that for bi dentate is 7.0 x 10
-6
 mol dm
-3
.  However, for Ni sorption in a mixed 
system the sorption process was mostly mono dentate as shown table 7.6. 
 
Figure 7.8: Log-Log sorption isotherms for Ni sorption to Muscovite Mica. Figure shows modelled 
data and experimental data for Ni sorption to Muscovite Mica, in Eu free system. Modelled 
data obtain using JChess geochemical code. The input parameters: exchange capacity for 
Muscovite Mica calculated as 74 µmol m
-2
, pH 7.5, particle radius 2.8 nm at rtp and Log K 
values of -3 for monodentate and bidentate surface complexation. 
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Figure 7.9: Log-Log sorption isotherms for Ni sorption to Muscovite Mica. Figure shows modelled 
data and experimental data for Ni sorption to Muscovite Mica, in the presence of Eu. 
Modelled data obtain using JChess geochemical code. The input parameters: exchange 
capacity for Muscovite Mica calculated as 70 µmol m
-2
, pH 7.5, particle radius 2.8 nm, at 
rtp and Log K value of -4 for monodentate and bidentate surface complexation. 
 
 
7.5 Contextualising empirical and surface complexation models 
 
An analogy has been drawn between the calculated Rd and the surface complexation 
constant Log K, based on parameters shown in table 7.3 and 7.6. Results from SCM and 
the empirical models showed a general relationship. For most of the systems studied the 
higher the sorption capacity the higher the surface complexation constant. Considering 
Ni sorption to mica, a Log K value of -2.1 (Rd = 61 cm
3
 g
-1
) and -4 (Rd = 16 cm
3
 g
-1
) 
were obtained for Ni sorption in single and mixed systems respectively. 
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Table 7.7: Surface complexation constants and Rd values for Ni and Eu sorption in mixed and 
single systems showing the general variation between the Rd and the SC constants Data 
relates to table 7.3 and 7.6. 
Sample System 
Complexation 
constant 
Rd 
cm
3
 g
-1
 
Quartz 
Ni-single system 
  Log K = -4 
  Log K = -5.2 
0.8 
Eu single system 
  Log K = -6 
  Log K= -10 
1.3 
Feldspar 
Ni-single system 
  Log K = -3 
  Log K = -3.2 
0.8 
Eu single system 
  Log K = -2.5 
  Log K = -2.5 
1.4 
Mica 
Ni-single system 
  Log K = -3 
  Log K = -3 
61 
Eu single system 
  Log K = -2.1 
  Log K = -2.1 
174 
Ni-Mixed system 
  Log K = -4 
  Log K = -4 
16 
Eu mixed system 
  Log K = -5 
  Log K = -5 
147 
 
 
7.6 Eu and Ni sorption summary to granitic rocks and minerals 
 
When comparing sorption capacities of different samples, the effect of the net surface 
area of the mineral/rock particles exposed in solution is important. A comparative 
analysis of the granitic materials studied is shown below taking into consideration the 
Rd values corrected for surface area. It can be seen that the major constituent in the 
retardation of radionuclide in granitic rocks is mica. However, the high sorption values 
of the rocks could not be attributed solely to electrostatic sorption process, 
intermolecular diffusion and diffusion into dead end pores and ligand exchange can 
contribute to the bulk sorption. 
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Figure 7.10A: Variation of Rd for Eu and Ni sorption to different granitic materials in mixed and 
single systems. Figure  shows the effect of the effective surface area on the sorption capacity. Effect 
surface area per gram of solid determined by BET Nitrogen adsorption. 
 
Figure 7.10B: Variation of Rd for Eu and Ni sorption to different granitic materials in mixed and 
single systems. figure shows the effect of the effective surface area on the sorption capacity. Effect 
surface area per gram of solid determined by BET Nitrogen adsorption. 
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7.7 Conclusions 
 
The following deductions could be made based on the application of the Linear model 
to the experimental data: Eu and Ni sorption is, in terms of Rd corrected for surface area 
effect in the following order:  
Eumix: MM > GA > PF > RQ,  
Eusing: MM > GA > PF > RQ  
Nimix : MM > GA > PF > RQ  
Nising: MM > RQ > GA > PF 
 
From the ranking above it is evident that sorption to MM plays a significant role in the 
overall bulk sorption of granitic samples. Results showed a relationship between Rd and 
surface complexation constants (The higher the Rd the higher the surface complexation 
constant). Fitting data to the Linear model showed that sorption of Ni and Eu in mixed 
systems was suppressed for GA, MM, and RQ, while no effect was observed for PF. 
Using JChess code, it was possible to attribute Log K values to sorption processes in the 
different systems. Results thus 
 far indicate that the effect of multi-element sorption cannot be disregarded in safety 
assessments of radionuclides in the far-field.  
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Chapter 8 
 
Surface Cation Exchange Capacity Measurements for 
Granitic Rocks 
 
8.1 Introduction 
 
Cation exchange capacity, or CEC, is the maximum adsorption of readily exchangeable 
cation in solution (26). It thus, refers to a measure of the total ions exchanged between 
ions in the solid and those in solution.  
 
CEC is one of the most important properties of rocks, minerals and soils, particularly 
important in materials that contain minerals such as some clay minerals and zeolites, 
which can have high concentrations of readily exchangeable sites within their structures. 
It is a major control on the distribution of mobile cationic species between the mineral 
phase and pore water or groundwater, and therefore influences such things as the 
retention and release of essential nutrients in soil systems, or mobility, retardation and 
migration of contaminants in the environment.  Consequently, a large number of 
analytical methods to estimate CEC have been developed and have been reported in the 
published literature since the 19
th
 century (49). 
 
Ever since the pioneering work of Thompson in (50) on the absorbent power of soils, a 
large amount of data has been accumulated on the chemical properties of natural porous 
media (50). Despite this large volume of data, the CEC of a surface is still not fully 
predictable. One of the reasons being, that the CEC of a given sample may vary with its 
chemical and thermal history (50).  
 
In clay minerals the most common exchangeable cations, in order of usual relative 
abundance, are Ca
2+,
 Mg
2+
, H
+
, K
+
, NH4
+
 and Na
+ 
(84). It is commonly believed that 
cation exchange occurs due to the broken bonds around the crystal edges, substitutions 
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within the lattice, and the hydrogen of exposed surface hydroxyls that may be 
exchanged (51).
 
Clay minerals are not the only components having a CEC. All minerals 
of extremely small particle size (about 2 μm) have a small CEC as a result of broken 
bonds around their edges. This capacity increases as the particle size decreases.
  
 
The question as to which would be the most likely method to provide the best 
estimation of the CEC must necessarily be preceded by the answer to the question as to 
the chemical or physical conditions in which the chemical exchange occurs. It is evident 
that the pH during which cation exchange occurs should be taken into account, 
especially if the extractant cation is susceptible to change as a function of pH by 
condensation, or by partial neutralisation of the charge (50).  
 
Most CEC measurements are performed on particulate matter. There are problems in the 
extrapolation and application of CEC values determined from powdered or crushed rock 
samples (using analytical methodologies that were originally intended for the analysis 
of loose materials). Thus, there is a difference in the CEC for loose material and that for 
intact samples. The methodologies used in the determination of CEC of disaggregated 
rock and mineral samples, generally over-estimate the true CEC of the rock (49),  
because the surface area of the powdered material is higher than the actual surface area 
of the undisturbed soil, and mineral surfaces that would not be in direct contact with the 
water are exposed. Therefore, the CEC properties of crushed material may be 
unrepresentative of the CEC of fracture surfaces. 
 
Recently, work was done in measuring the CEC of both intact and disintegrated samples 
using a DC conductivity technique by Henn et al. (144). Both sets of values were low, 
in agreement with the structural and textural observations. This represents one of the 
rare attempts to measure CEC of both intact and powered samples. 
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8.2 Measuring cation exchange capacity 
 
Electrostatically bound cations can exchange with other cations in solution in reactions 
which are fast, stoichiometric and reversible. In principle, the sorption due to cation 
exchange is independent of pH, except sometimes at low pH, and where dissolution of 
the mineral may lead to the release of competing cations (145). Ionic substitution in the 
tetrahedral/octahedral structural layer leads to a permanent negative charge, which is 
compensated through exchangeable cations, e.g. in montmorillonite. The permanent 
negative charge (at its equilibrium pH) on mineral surfaces arising from isomorphous 
substitution is compensated for by an excess of aqueous cations held closely by 
electrostatic attraction around the outside of the Si-Al-Si units. The ion exchange 
process has two contributions, the first of which is non-pH dependent and is due to the 
isomorphous substitution of one atom by another of lower valency e.g. aluminium for 
silicon. This has the effect of creating a negative overall charge on the lattice structure, 
which is compensated by the presence of compensating cations (146). The second and 
pH-dependent contribution arises from the existence of broken bonds at the edge of 
mineral layers which are balanced by adsorbing H
+
 or OH
-
 ions to achieve full 
coordination of the surface atoms (146). Considering the cation exchange reaction in 
which Na is being replaced by M
2+
 (125): 
 
NaX + 0.5 M
2+
 (aq) ⇌ 0.5MX2 + Na
+
 (aq) 
 
The equation can be written in terms of the selectivity coefficient KM/Na by the mass 
action reaction: 
 
 
  
 
Where M
2+
 is a divalent metal atom, and X, is a mono-valent anionic species, 
NNa and NM = equivalent fractional occupancies, defined as the equivalents of 
Na (or M) sorbed per unit mass divided by the CEC in eq/kg (103).   
0.5 0.5
2
/ 0.5 0.5
2 2
M
M Na
Na
MX Na N Na
K
NaX M N M
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From the selectivity coefficient it can be seen that; 
 
1. Cation exchange does not depend on the pH of the system  
2. Cation exchange depends on ionic strength: cation competition  
 
The ability of a mineral to partake in an ion exchange process with a cationic 
radionuclide is referred to as the cation exchange capacity (38). This is the total 
exchangeable equivalent of cationic charge (in milliequilvalent (meq) g
-1
) under 
particular experimental conditions.  
 
The ion-exchange properties of a particular solid material are represented by its cation-
exchange capacity (CEC) or anion-exchange capacity (AEC), relative to a reference 
electrolyte and by its ion-exchange isotherms. Ion exchange isotherms are plots of 
equilibrium concentrations of ions in the exchanger (solid) phase versus equilibrium 
concentrations of ions in the solution phase for a particular pair of exchangeable ions in 
an aqueous suspension at fixed temperature and pressure (38). For very small edges (< 
2μm), on minerals, the areas might be too small so that the net charge on the lattice is 
determined mainly by the degree of isomorphous substitution that has occurred. 
Knowledge of the CEC of a geologic medium gives a strong indication to the extent to 
which radionuclides may be retarded.  
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8.3 Results and discussions 
 
Experimental procedures are described in the experimental section in chapter two of this 
thesis. The results are presented in two sets: 
1. Results for leached metals (concentration of metals displaced from the samples 
by Ba
2+
 ions present in solution)  
2. Results for exchangeable cations. 
 
8.3.1 Results and discussions for elemental analysis 
 
Normally, a layered silicate contains several cations in different concentrations 
depending on the origin and geological history of the sample. Therefore, the 
determination of its CEC is mostly based on saturating the surface with a defined cation 
(index cation), which is then displaced and its concentration in the leachate measured. 
When the cations involved in the exchange reaction are inorganic, the method of choice 
for their analysis is by displacing the inorganic cations with Ba
2+
 (51). 
 
The Bascomb method (49) relies on the washing of the rock samples with excess BaCl2 
to displace all exchangeable cations in the samples. This process can be repeated several 
times as desired; however for this work just two washes with BaCl2 were carried out to 
avoid loss of sample mass that can result from experimental process, such as filtration 
and centrifugation. Background corrections for any analysed cations that might be 
present in the BaCl2 solution were made since the original BaCl2 was not 100 % pure. 
 
Inductively coupled plasma-atomic absorption spectroscopy was used in analysing the 
samples. The calibration equations are shown in table 8.1 below (The concentration of 
the standards varied from 0.005 to 20 ppm). Three replicates of each sample were 
measured. 
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Table 8.1: Calibration parameters for ICP-AAS showing root mean square values close to unity. 
Operation conditions: Plasma view was set at auto, with a flush time of 30 s and 3 repeats 
for each measurement. Nebuliser flow was 0.5 dm
3
 min
-1
 and auxiliary gas flow at 0.5 dm
3
 
min
-1
. Wavelength selection was done automatically, while checking for the degree of 
interference from other elements  
Element Calibration R
2
 LOD (CPS) LOQ(CPS) 
Al y = 998x + 90.4 0.99 2.2 x 10
-3
 7.3 x 10
-3
 
Ba y = 42900x + 1590 0.99 9.4 10
-4
 3..2 10
-3
 
Ca y = 151000x - 10700 0.99 1.1 x10
- 2
 3..7 x 10
-2
 
Fe y = 1590x - 49.3 0.99 2.2 x10
-3
 7..3 x 10
-3
 
K y = 652x -1.80 1 6.7 x10
-2
 2..2 x 10
-1
 
Mg y = 51000x + 995 0.99 3.1 x 10
-3
 1.0 x 10
-2
 
Mn y = 6570x + 153 0.99 3.0 x 10
-4
 1..0 x 10
-3
 
Sr y = 90000x + 2260 0.99 1.7 x 10
-4
 5..6 x 10
-4
 
 
LOD-Limit of detection in counts per second: LOD (limit of detection), is the lowest quantity of a 
substance that can be distinguished from the absence of that substance (a blank value) (147).  
LOD = 3*STD of counts of blanks/Average of gradients of the calibration curve 
LOD-Limit of quantification in counts per second: LOQ is the lowest amount of analyte in a sample that 
can be quantitatively determined with suitable precision and accuracy.  
LOQ = 10*STD of counts of blacks/average of gradients of calibration curves. 
 
The results for the elemental analysis for the leached elements are shown in the 
following figures. Results are analysed for each granitic sample studied. The results 
show which cationic species are the most likely to be exchanged in a cation exchange 
process. Due to the similarity of granitic rocks the results do not show significant 
difference in terms of the different elements leached. 
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In order to make comparisons between the CEC of intact and powdered samples the 
calculations and analysis will be interpreted in terms of surface area of the samples. 
BET surface area measurements are shown in appendix 2. Thus, the CEC has been 
calculated using the effective surface area of the solid. 
 
 
Figure 8.1: Concentration of leached elements from 1 g of pulverised Graphic Granite, using 50 
cm
3
 of buffered reagents (mixture of BaCl2, triethanolamine, and 2 mol dm
-3
 HCl) in a dual 
wash process, equilibrating for 24 h, followed by elemental analysis using ICP-AAS. 
 
As seen in figure 8.1 to 8.4, K is the most leached element from the granitic rocks 
studied. After background reductions the effective metal concentration of metals 
leached was in the order K >> Ca > Fe, this is probably the case due to the high content 
of feldspars, which are rich in K, in granitic rocks. 
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Figure 8.2: Concentration of leached elements from 1 g of pulverised Granite Adamellite, using 50 
cm
3
 of buffered reagents (mixture of BaCl2, triethanolamine, and 2 mol dm
-3 
HCl) in a dual 
wash process, equilibrating for 24 h, followed by elemental analysis using ICP-AAS. 
 
 
 Figure 8. 3: Concentration of leached elements from 1 g of pulverised Grey Granite, using 50 cm
3
 
of buffered reagents (mixture of BaCl2, triethanolamine, and 2 mol dm
-3
 HCl) in a dual 
wash process, equilibrating for 24 h, followed by elemental analysis using ICP-AAS. 
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Weardale Granite gave the most leached K, Ca and Fe, compared to the other granites 
studied. Table 8.2 shows the relative concentrations of leached elements per gram of 
sample and per m
2
 of effective surface area. 
 
 Figure 8.4: Concentration of leached elements from 1 g of pulverised Weardale Granite, using 50 
cm
3
 of buffered reagents (mixture of BaCl2, triethanolamine, and 2 mol dm
-3
 HCl) in a dual wash 
process, equilibrating for 24 h, followed by elemental analysis using ICP-AAS. 
 
The concentration of leached Sr is almost the same for all the granitic rocks studied as 
crushed samples. For granitic minerals such as Milky Quartz, Plagioclase Feldspar and 
Muscovite Mica, the results are shown in table 8.2.  
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Figure 8.5: Concentration of leached elements from 1 g of pulverised Milky Quartz, using 50 cm3 
of buffered reagents (mixture of BaCl2, triethanolamine, and 2 mol dm
-3
 HCl) in a dual 
wash process, equilibrating for 24 h, followed by elemental analysis using ICP-AAS. 
 
Elemental analysis for Al gave negative values, probably because values are below the 
limit of detection. However, the low concentrations of Al in the crushed granitic 
samples indicate that the concentration of Al is low in the samples. 
 
Figure 8.6: Concentration of leached elements from 1 g of pulverised Plagioclase Feldspar, using 
50 cm
3
 of buffered reagents (mixture of BaCl2, triethanolamine, and 2 mol dm
-3
 HCl) in a 
dual wash process, equilibrating for 24 h, followed by elemental analysis using ICP-AAS. 
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The exchange kinetics of the accessible cations on muscovite can be quite different 
depending on the relative affinities of the cations involved to mica (58).  
 
 
Figure 8.7: Concentration of leached elements from 1 g of pulverised Muscovite Mica, using 50 cm3 
of buffered reagents (mixture of BaCl2, triethanolamine, and 2 mol dm
-3
 HCl) in a dual 
wash process, equilibrating for 24 h, followed by elemental analysis using ICP-AAS. 
 
 
As reported earlier, it was important to do the analysis in terms of surface area because 
it made it easier to compare the CEC for intact solids and that of powdered samples. 
The results below show the elemental analysis per m
2
 of reactive surface area of the 
rock beakers shown in the experimental section of this thesis. 
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8.3.2 Elemental analysis for rock beakers 
 
 
Figure 8.8: Concentration of leached elements from 3.8 x 10
-3
 m
2
 of Weardale Granite rock beaker 
surface, using 50 cm
3
 of buffered reagents (mixture of BaCl2, triethanolamine, and 2 mol 
dm
-3
 HCl) in a dual wash process, equilibrating for 24 h, followed by elemental analysis 
using ICP-AAS. 
 
 
As shown in figures 8.8 to 8.10, the concentration of the leached elements for the rock 
beakers is exceedingly high with Ca and K the dominant species for Weardale Granite 
and Ba and F being the dominant species for both Biotite and Muscovite Mica. The 
reason for these very high values is reserved for the section 8.3. 
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Figure 8.9: Concentration of leached elements from 3.8 x 10
-3
 m
2
 of Biotite Mica rock beaker 
surface, using 50 cm
3
 of buffered reagents (mixture of BaCl2, triethanolamine, and 2 mol 
dm
-3
 HCl) in a dual wash process, equilibrating for 24 h, followed by elemental analysis 
using ICP-AAS. 
 
 
 Figure 8.10: Concentration of leached elements from 3.8 x 10
-3
 m
2
 of Muscovite Mica rock beaker 
surface area, using 50 cm
3
 of buffered reagents (mixture of BaCl2, triethanolamine, and 2 
mol dm
-3
 HCl) in a dual wash process, equilibrating for 24 h, followed by elemental 
analysis using ICP-AAS 
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 Table 8.2: Concentration (ppm) of leached metals after 2 washes with BaCl2, corrected for background elemental concentrations and for surface area effects. 
All values are calculated per m
2 
of surface area. 
 
Al Ca Fe K Mg Mn Sr 
Graphic Granite GG 0.39 0.50 0.22 6.2 0.09 0.04 0.71 
Granite Adamellite GA 0.06 1.0 0.59 11 0.19 0.05 0.71 
Grey Granite GrG 0.11 1.6 0.97 16 0.30 0.06 0.71 
Weardale Granite WG 0.15 2.1 1.3 21 0.40 0.06 0.70 
Milky Quartz MQ 0.45 19 4.4 52 1.1 0.47 2.3 
Plagioclase Feldspar PF 
 
18 2.5 20 0.47 0.41 1.3 
Muscovite Mica  MM 
 
22 2.4 10 0.31 0.51 1.7 
Weardale Granite beaker 
 
6700 760 3900 110 160 510 
Biotite Mica beaker 
 
1800 101 4900 180 25 480 
Muscovite Mica beaker 
 
389 61 2600 100 19 470 
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8.3.3 Magnesium wash analysis - Cation exchange capacity measurements 
 
This section reports on the analysis of the effective cation exchange capacity of the 
different powdered and rock beakers (which is a measure of the total exchangeable 
cations). The cation exchange capacity is calculated per unit surface area of the solid. 
The assumption is that the effective surface area is that due to the radius of the rock 
beaker (7.00 ± 0.1 cm as measured at BGS). However, based on the porous nature of 
granitic rocks, the net reactive surface area is bound to be different as results will show. 
The concentration of Mg used to displace Ba is calculated by taking the difference in 
the initial and final concentrations of Mg. Analysis of decreased concentration of Mg 
used in the Mg wash gave the effective cationic exchange capacity of the sample. For 
these sets of experiments as explained in the experimental section in chapter 2, just one 
wash was carried out with three replicates of each sample used. The concentration of 
displaced Ba
2+
 is equal to the concentration decrease of Mg
2+
 since wall sorption was 
negligible.  
 
2 2 2 2
displaced bound initial solution
Ba  Mg  Mg –  Mg    (8.1) 
 
For a known mass of powered sample, the CEC is calculated as shown below (148). 
 
[ ] 100 2 ( )
* * * * *
1000 24 ( )
c
Mg
Mg mg g mol cmol cmol Vol L
CEC
L mg g mol cmol Mass kg
           (8.2) 
 
In terms of surface area exposed to solution the CEC is given by:  
 
2
[ ] 100 2 ( )
* * * * *
1000 24 ( )
c
Mg
Mg mg g mol cmol cmol Vol L
CEC
L mg g mol cmol Area m
   (8.3) 
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 CECMg is the CEC determined from magnesium used in displacing Ba
2+
 ions as 
determined from equation 8.1. 
 [Mg] is the total concentration of Mg used to displace Ba2+ in mgL-1 
 24 is the relative atomic mass of Mg 
 V (L) is the volume of Mg solution 
 Mass (kg) is the mass of sample used the exchange process. 
 A is the net surface area (m2) of the sample used. 
 2 cmolc is the mol equivalent for Mg 
 
Calculated cation exchange capacities for rock beakers and pulverised samples are 
shown in table 8.3. The CEC calculated in terms of the net surface area of the samples is 
shown in the far right column of table 8.3. For pulverised granitic rocks the CEC 18 
cmol m
-2
, while for the granitic minerals (MQ, PF and MM) the range was in the range 
30 to 62 cmol m
-2
, with MQ having the highest CEC as a result of the small surface area 
(0.85 m
2
g
-1
), this was not expected, because the results imply that the CEC decreased 
with increased surface area. Normally the CEC is expected to increase as a result of 
increased surface area in contact with the exchanging solution. The explanation for the 
above observation could be faulty measurements of the BET surface area of the samples 
since measurements were conducted from a different laboratory, by other workers. 
Results showed that MQ, PF and MM have a greater ability to exchange cations 
compared to GG, GA, GrG and WG. Table 8.3 also shows the CEC for the rock beakers 
calculated in terms of the surface area. The results showed very high values about 1.6 x 
10
6
 cmol m
-2
 for a surface area of 3.8 x 10
-3
 m
2
 of surface area. The high values are can 
be expected due to the fact that the net surface area is pitted (higher than calculated). 
The results obtained from the rock beakers and pulverised samples showed a difference 
when the effect of surface area is considered. The results show that the CEC for the rock 
beaker is 6 orders of magnitude higher than that of crushed samples. Since CEC 
depends on the net surface area of the sample exposed to the cationic solution it is 
expected that for the same surface area the CEC should not vary very much. However, 
this is not the case as seen above. The reason for the disparity of results can be due to 
the penetration of BaCl2 solution into the bulk of the granite base thereby, exchanging 
cations with the rest of the granite base of the rock beaker. It is impossible to hold all 
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the Ba
2+
 ions at the surface of the rock beaker; as such the overall cationic species 
displaced are due to the bulk mass of the rock beaker. 
 
Several reasons can be attributed to observed differences in the results, such as  
 The equilibration method, samples must be shaken fully to allow the exchange 
of cations between the solid and the solution 
 Errors resulting from BET N2 adsorption, resulting to faulty surface area of the 
powered samples. 
 Also attainment of equilibrium in the rock beaker-solution, and crushed solid-
solution are important factors that can affect the results 
 
Table 8.3: Cation exchange capacity calculated in terms of the mass and net surface area in contact 
with Ba
2+/
Mg
2+
. Surface area of powered samples determined by BET N2 and that of rock 
beaker as πr2.  Table shows the effect of surface area on the cation exchange capacity 
Sample 
Concentration of 
Mg used (ppm) 
CEC 
(cmol kg
-1
) 
CEC 
(cmol m
-2
) 
Pulverised samples 
Graphic Granite GG 138 52 18 
Granite Adamellite GA 139 52 18 
Grey Granite GrG 137 52 18 
Weardale Granite WG 141 53 18 
Milky Quartz MQ 138 52 61 
Muscovite Mica MM 139 52 31 
Plagioclase Feldspar PF 137 51 32 
Rock beakers 
Weardale Granite WG 135  1.58 x 10
6
 
Biotite Mica BM 139  1.62 x 10
6
 
Muscovite Mica MM 137  1.61 x 10
6
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8.4 Conclusions 
 
From the results shown above, a relationship between the CEC of an intact sample and a 
crushed sample is established considering a unit surface area of both the crushed and 
intact samples. However, this relationship showed a vast difference between the CEC of 
the intact sample and the crushed sample. The results highlight the difficulties 
associated with the determination of the CEC of an intact sample and that of a crushed 
sample of the same material, as there is always a possibility of diffusion of the 
exchanging cation into the bulk material. It may be possible that the exchanging cations 
are strongly bound to the surface of the intact solid. Any attempts to make the intact 
solid completely impervious will lead to physico-chemical changes which will also 
result in deviation of results. 
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Chapter 9 
Method Development: Differentiation of Mixed 
Radionuclides in Geological Materials by Digital 
Autoradiography 
 
9.1 Introduction 
 
9.1.1 Radioactivity in the environment 
 
Natural radioactivity is composed of cosmogenic and primordial radionuclides. 
Cosmogenic radionuclides such as 
3
H, 
7
Be, 
14
C and 
22
Na are produced by the interaction 
of cosmic-ray particles with the earth’s atmosphere. Primordial radionuclides are 
formed by the process of nucleosynthesis in stars. Rocks and sediments around the 
world contain different levels of radioactivity controlled by geological structure and 
rock chemistry (149). Major sources of radioactivity in the environment are isotopes of 
the elements of uranium, thorium and potassium. Among these elements uranium is the 
most significant source of radioactivity (150).  
 
Most radioactive measurements are performed using classical radioactive 
instrumentation such as germanium detectors, NaI detectors, liquid scintillation 
counters, gamma counters etc., and are able to identify and quantify the radioactivity in 
many samples; however sample preparation is sometimes needed. Many of the above 
mentioned methods used are not able to display the spatial resolution of the 
radioactivity in the sample. Therefore, there is a need to develop new instruments and 
methods that can quantity, qualify and display the spatial distribution of radioactivity 
on/in an environmental sample.  Digital autoradiography coupled with storage phosphor 
imaging plates can be used to display the hot spots on radioactive samples, and when 
calibrated can potentially be used to quantify radioactivity.  
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9.1.2 Storage phosphor imaging 
 
Storage phosphor imaging (SPI) also known as radioluminography is an imaging 
technique that was introduced in the early 1980s (76). It is based on the absorption and 
storage of radiation by phosphor crystals (e.g. BaFBr: Eu
2+
 or CaSO4:Dy
3+
) that are 
coated on a plastic plate (76).  After excitation with a laser beam, luminescence is 
released from the energy stored by the crystals which is detected by a photomultiplier 
tube. The latent image on the plate which results from exposure to the radioactive 
source is scanned and the amplified signal is transferred to a computer for further 
analysis with appropriate software (76). The imaging plates offer simple usage, large 
detection area, high detection sensitivity, long time dose accumulation, high linearity, 
large dynamic range, good position resolution, and ease of reuse.  
 
The use of storage phosphor imaging plates to determine the presence of naturally 
occurring and anthropogenic radionuclides in the environment is gaining importance 
due to the enviable features of phosphor imaging plates. However, identification and 
quantification of radionuclides is hampered by the phosphor imaging plates’ inability to 
discriminate between the decay energies of ionising radiation such as alpha, beta, 
gamma etc. which is fundamental for their identification and quantification (151). One 
of the most serious flaws of the BaFBr: Eu
2+
 system and other isomorphs is the fact that 
they show extensive time lag. This term is used to describe phosphorescence (delayed 
emission) after the excitation source is removed. A screen with bad lag or long 
persistence could cause the appearance of a ghost image on a subsequent exposure 
(152)
. 
 
Although the major application of SPI is found in the bioscience sector (152), its 
application in the identification and differentiation of radioactivity in geological 
materials is gaining recognition from work carried out at the British Geological Survey, 
and with the present study. 
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Figure 9.11: Composite structure of storage imaging plate (153), showing the main component of 
the storage phosphor imaging plate, in which the storage phosphor is sandwiched between 
the protective layer and the protective layer. 
 
9.1.3 Acquiring the radiation image from the imaging plate 
 
The exposed Imaging Plate, conveyed using a light protective casing, is scanned with a 
focused laser beam. The photo stimulated luminescence energy (PSL) released is 
collected by the photomultiplier tube (PMT) through the light collection guide and is 
converted to electric signals. 
 
Figure 9.12: Image reading mechanism of the phosphor image storage plate  by Fujifilm (153), 
showing the horizontal movement of the laser mechanism on the plate, coupled with a 
photo multiplier tube
 
 
 
Protective layer 
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9.1.4 Emission mechanism models for storage phosphor plates 
 
The fundamental luminescence processes underlying the high efficiency of storage 
phosphor imaging plates are not fully understood (152) (153). Different mechanisms 
have been proposed. However, all these mechanisms assume the recombination of 
photostimulated electron from BaFBr
-
 centre at an unidentified hole trap, followed by 
emission of an electron from Eu
2+
. Oxygen ions trapped at fluorine-ion sites (OF
2-
) have 
been found to be responsible for the creation of F(Br
-
) vacancies (152). 
 
One mechanism is shown in figure 8.3. When an imaging plate is exposed to ionising 
radiation, Eu
2+
 is oxidised to Eu
3+
 and BaFBr is reduced to BaFBr
–
. The oxidised and 
reduced ions can remain in this state for several weeks, even after removal of the 
ionising radiation source.  The storage phosphor then releases the energy upon exposure 
to stimulation by light of specific wavelength, in this case a He-Ne laser at 635 nm. The 
charged BaFBr
–
 complexes absorb light thus, freeing electrons in the process. The free 
electrons reduce Eu
3+
 to Eu
2+
. During the process, energy is released in the form of blue 
light. Using a band pass filter the emitted blue light is detected by a photo-multiplier 
tube (PMT) detector and read out as photostimulated luminescence (PSL). The intensity 
of the laser-induced luminescence is reported in PSL units per pixel, which is 
proportional to the total incident radiation intensity previously recorded on the imaging 
plate. The Fuji film industry that produces many of the general purpose films has a 
schematic depicting the mechanism of storage phosphor imaging plate as shown below. 
 
 
 
251 
 
 
Figure 9.13: Schematic for the mechanism of storage phosphor imaging plates, Gotfried (151), 
showing promotion of electrons from the valence band to the conduction band, and the 
return of electrons back to the valence band upon excitation by laser beam
 
 
9.1.5 Advantages of storage phosphor imaging 
 
Techniques used to image radionuclides in geologic materials include, electron 
microprobe mapping, fission-track mapping, synchrotron X-ray fluorescence (SXRF) 
mapping and film autography (154). The application of any technique depends on: 
1 Detection limit; 
2 Spatial resolution;  
3 Ease of use. 
 
The ability of a technique to meet the above criteria will determine its suitability for the 
application. Rapid acquisition and analysis of storage phosphor (optical stimulated 
luminescence) images are important in the application of Storage Phosphor 
Autoradiography (SPAR) in distinguishing radiations from geological samples. The 
high linear range and high sensitivity to low energy β, and low penetrating α emission, 
is an added advantage for SPAR as compared to film and solid-state AR
 
(155). Also 
storage phosphor imaging is inexpensive, easy to use and possesses good spatial 
resolution 
(34)
. Cole et al.
 
(154) have been able to use phosphor imaging in quantifying 
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the relative concentrations of U and Th in geological samples such as carbonate, 
phosphates and silicates (154). 
 
Using discriminating filters between the phosphor screen and the radioactive source it is 
possible to use storage phosphor imaging to measure radioactivity in different samples. 
Work was undertaken by Uiseb (151) focused on the discrimination of different 
energies of ionising radiation through the use of a range of filters. The results showed 
that it was possible to differentiate between the different radionuclides, when they are 
studied as single radionuclides. 
 
In this work the use of digital AR technique will be applied to differentiate the 
distribution of radionuclides when present in mixtures in the sample and to apply these 
methodologies with the intention of discriminating and quantifying α, β, and γ radiation 
sources in geological and environmental samples. 
 
Work  by Douglas (155), which involved the calibration of the Storm scanner machine 
(coupled with Fuji storage phosphor imaging plates) used different radionuclides, such 
as 
137
Cs, 
152
Eu, 
125
I (gamma emitters) and 
63
Ni and
 99
Tc (beta emitters). Results showed 
that the intensity in counts per second (CPS) and activity are related linearly and that the 
intensity and the exposure time are also linearly related (155). In addition, work by 
Uiseb (151) showed that the average intensities decreased with the thickness of 
shielding between the phosphor plate and the radioactive source. However, the decrease 
is radionuclide specific. 
 
9.2 Main themes of this work 
 
1 To evaluate the use of filters between the sample and storage phosphor (SP) 
plates to discriminate between α, β, and γ activity in samples containing 
more than one radionuclide. 
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2 To prepare test samples of known activities, presented in a variety of formats 
(e.g. filters loaded with solution, dispersed on glass slides) and to image 
these test samples to develop a method to calibrate the AR response of the 
storage phosphor. 
 
Calibration trials were made using different radionuclide-bearing materials at BGS and 
Loughborough University.  
 
9.2.1 Image acquisition  
 
The acquired digital images were analysed using ImageQuantTL software free version-
2007 (156). Three main image analysis tools are available for use. 
 
9.2.1.1 Fixed shape image analysis 
 
In this method a fixed shape is chosen and applied to all images produced. The latent 
images obtained for any single radioisotope, with or without filter material, throughout 
the project were consistently similar in shape and size.  
 
9.2.1.2 Threshold based auto-trace tool 
 
This tool automatically detects an area of interest based on the threshold parameters and 
area of interest as set by the user. An area of background is determined, and then the 
average background intensity is computed. The threshold level for image analysis is 
obtained by the summation of the mean background intensity value and three standard 
deviations of the average value.  
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9.2.1.3 Freehand image analysis 
 
A freehand drawing tool is used to define the area of radioactivity of interest as seen by 
the user on the digital image. The method allows for accurate drawing of the images that 
are oddly shaped but as a result is prone to user error. Nonetheless, the method has been 
used for radioisotope image analysis as it was considered to be the most appropriate of 
the three methods. 
 
9.3 Hypothesis 
 
For a sample of mixed unknown radionuclides α, β, and γ, the intensity of the radiation 
on a phosphor plate will be equal to the intensity of the sum of α, β, and γ. 
 
Itot = Iα + Iβ + Iγ    (9.1) 
 
The total intensity for all α, β, and γ emitters is given by 
 
Iαtot = αn   (9.2) 
 
Iβtot = βn    (9.3) 
 
Iγtot = γn   (9.4) 
Therefore; 
Itot = αn + βn + γn  (9.5) 
 
Using different filter thickness, intensities due to α, β, and γ, may be obtained, taking 
into consideration the total intensity as defined in equations 9.1 to 9.4. 
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From equation 9.1, discriminating total alpha gives: 
 
Itot - (Iβ + Iγ) = Iα   (9.6) 
 
Subsequent β discrimination will result in total γ. 
Without using    equation 9.5 becomes:  
 
Itot = βn + γn   (9.7) 
 
However, considering β and γ, the total intensity is: 
 
Itot = Iβ + Iγ    (9.8) 
 
Taking into consideration sensitivity [the sensitivity of the plate is defined as the 
intensity of the image on the imaging plate (PSL units) per Mylar film at a fixed 
exposure time. Since the exposure time was kept constant for all the experiments, the 
plate sensitivity was intensity per Mylar film (PSL units/Number of Mylar films)] of the 
plates for each radionuclide at a predetermined shielding thickness and activity, we 
compute that: 
Itot1 = Iβ1 + Iγ1    (9.9)   
 
Itot2 = Iβ2 + Iγ2    (9.10) 
 
Where, Itot = is total intensity on plate 
Iα = intensity due to alpha 
Iβ = the intensity due to β  
 Iγ is the intensity due to gamma 
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1 and 2 refer to different levels of shielding 
 
Equations 9.9 and 9.10 represent the total intensities on the storage phosphor imaging 
plate (SPIP) at different levels of shielding (at a particular number of Mylar films).  For 
a given level of shielding, the total intensity Itot1 on the plate will be a combination of 
the intensity due to beta and gamma at the level of shielding. When the level of 
shielding (number of Mylar films) is changed, the total intensity Itot2 is a result of the 
intensity due to beta and gamma at the second level of shielding. Considering that the 
total activity of beta and gamma from the source remains constant, and the exposure 
time remains constant, and considering that the activity used is in the linear range of the 
calibration plot of intensity and activity, then equations 9.9 and 9.10 represent the total 
intensities due to beta and gamma at a stated level of shielding.  
 
From equation 9.9 and 9.10 representing different shielding thicknesses, the correction 
factor is defined. The correction factor takes into account the sensitivity of the storage 
phosphor plates towards the radionuclides at different levels of shielding (number of 
Mylar films).  The correction factors are presented in equation 9.11 and 9.12 as a, b, c, 
and d. Appling the sensitivity of the plates, equation 9.9 and 9.10 become: 
 
 Itot1 = aIβ1 + bIγ1                     (9.11) 
 
Itot2 = cIβ2 + dIγ2   (9.12) 
 
Where a, b, c and d are coefficients relating to the sensitivity of the plates at different 
levels of shielding. Using the sensitivity plots shown in the following pages, it is 
possible to solve the two equations simultaneously. 
 
Thus, to be able to analyse a mixed system of radionuclides, two or more pieces of 
shielding of different thicknesses are needed to be able to prevent the radiation of one or 
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more radionuclides from reaching the imaging plate, and hence discriminate between 
the different types. Also since the intensity on the plates is dependent on the exposure 
time, it is important that the exposure times are kept constant. To avoid interferences 
from latent images from previous exposures, the plates must be zeroed before any reuse 
as explained in section 2.3.6 (Chapter 2 on experimental procedures) 
 
9.4 Calibration of imaging plate for beta and gamma activity 
 
To be able to distinguish radioisotopes using the intensities on the storage phosphor 
plates, it is important to obtain calibration curves of intensities against activities and 
against the shielding thickness (given in terms of the number of Mylar films) for beta 
and gamma emitters separately.  
 
Calibration experiments for intensity against activity were performed, to make sure the 
activities that are used throughout the experimental setup were in the linear range, as 
shown in appendix 9.2. The calibration results showed that for 0.5 to 5Bq the 
relationship between the intensity and the activity was linear, as shown below for the 
case of 
137
Cs and 
90
Sr. 
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Figure 9.14: Calibrating the storage phosphor plate for 
137
Cs and 
90
Sr, figure showing a linear 
relationship between the activity and the intensity recorded on the plate, after exposure 
time of 24 hours. 
 
Mylar films were placed on the Perspex blocks depending on the amount of shielding 
that was desired (1, 4, 8, 12 and 16 Mylar films), to provide different levels of shielding 
of the radioactivity in the well from the storage phosphor imaging plates (SPIP). 
Different levels of activity were then placed in the plates as desired. 
 
Storage phosphor imaging plates (manufactured by Fuji) were placed on a fluorescent 
lamp for about 1 hour to zero the plates. This process is important because it allows any 
excited atoms on the phosphors to return to ground state, and so avoid any latent images 
that might be formed. The SPIP were then placed on the Perspex blocks and kept for a 
total exposure time of 48 hours. All exposures were in the dark. After exposure, the 
plates were scanned with the STORM
TM
 860 Scanner system, provided by the British 
Geological Survey. The data from the scanned plates were analysed using the Image 
quant software provided by BGS. 
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Figure 9.15: Wells containing very thin layer of quartz as a carrier material of radioactivity. Each 
Perspex plate has 30 wells of 7mm in diameter, with polished sides and floor to prevent 
radioactivity sticking on the sides. The distance between each well was 5 cm, to prevent 
interference and to obtain well-defined images on the scanned plates as shown in figure 9.4 
 
 
9.5 Results and discussion 
 
9.5.1 Scanned plates 
 
To separate mixed radionuclide systems containing two or more radionuclides, equal 
activities of the different radionuclides were mixed together. Filters were then placed so 
that the shielding would discriminate one or more radionuclides present in the mixture. 
This process allows the radionuclide with higher energy (radiation with more 
penetrating ability) to produce a higher intensity on the storage plate compared to the 
radionuclide with a lower energy (low penetrating radiation). Different levels of 
shielding will produce different sensitivities on the plates. It is, therefore, important that 
the any two radionuclides in a mixed system should have a big difference in penetrating 
power, in order to increase the efficiency of the discrimination process. As such in this 
work 
90
Sr a beta emitter and 
137
Cs a gamma emitter were used. Based on the difference 
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in the penetrating power of gamma and beta it is expected that, discriminating a mixed 
system will reduce the intensity of the beta emitter much more that the gamma emitter. 
Where it is impossible to completely shield one radionuclide in a mixed system of two 
radionuclides then, equations 9.11 and 9.12 will need to be solved simultaneously. 
However, it is easier to determine the activity of the radionuclides in a dual radionuclide 
mixed system if the activity of one radionuclide can be completely shielded, and the 
intensity on the plate become the result of only one radionuclide in the mixed system. 
 
Figure 9.16: Scanned storage phosphor plate after 24 h exposure time, showing the response from 
different Beta emitters on the SPIP at very low shielding of 1 Mylar film. The intensity on 
the plates is increasing from left to right with activity (0.5 to 5 Bq). Figure shows increasing 
intensity with activity. 
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Figure 9.17: Scanned storage phosphor plate after 24 h exposure time, showing the response from 
different Gamma emitters on the SPIP at very low shielding of 1 Mylar film. The intensity 
on the plates is increasing from left to right with activity (0.5 to 5 Bq). Figure shows 
increasing intensity with activity. 
 
Figure 9.18: Scanned storage phosphor imaging plate after 24 h exposure time, showing Intensities 
from different radionuclides in single systems and mixed systems, and effects of shielding 
on intensities. 
137Cs mixed with β- and γ-emitters. L to R, 137Cs (3Bq) with 3 Bq of 45Ca (β), 
35S (β), 63Ni (β), 99Tc (β), 90Sr (γ) & 125I (γ). (γ). 
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9.5.2 Distinguishing 
90
Sr and 
137
Cs 
 
137
Cs is formed mainly by nuclear fission. It has a half-life of 30.23 years, and decays 
by pure beta decay to a metastable
2
 nuclear isomer of Ba. 
137m
Ba has a half-life of 2.55 
minutes and is responsible for all of the gamma ray emission. The ground state of 
137
Ba 
is stable. 
 
137
Cs                             
137m
Ba (94.6 %) + 
137
Ba (5.6 %)  
 
     
 
137Ba + γ 
 
 
90Sr        β-(Emax = 0.546 MeV   
90Y      β-(Emax = 2.28 MeV    
90
Zr 
 
 
 
Exposing the SPIP to equal amounts of activity of 
90
Sr and 
137
Cs at different shielding 
thicknesses, the intensities on the plates were determined as shown in table 9.1. From 
the table it is evident that the response on the plates decreases as the number of Mylar 
films increases. It was expected that as the shielding increased the intensities on the 
plates would decrease, however, the intensities increased as the shielding got thicker for 
both 
137
Cs and 
90
Sr. The reason for this increase can be attributed to the fact that all the 
storage plates responded differently, due to the effect of Bremsstrahlung radiation as the 
                                                          
 
2
Metastability is a general scientific concept which describes states of delicate equilibrium. A system is in 
a metastable state when it is in equilibrium (not changing with time) but is susceptible to fall into lower-
energy states with only slight interaction.  
m
Ba has a half  life of 2.5 and 
decays to 
137
Ba with the release 
of gamma radiation. 
90
Y, which in turn 
undergoes β− decay with 
half life of 64 hours 
 E
max = 
0.6617 MeV
 
E
max
 = 1.174 MeV
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number of plates increased. This effect of Bremsstrahlung radiation has been 
highlighted in figures 9.19 and 9.20. 
 
Figure 9.19: The effect of shielding on intensity on plates for 
137
Cs. The intensity of the image on the 
plate increases as the number of Mylar film increases.  
 
 
Figure 9.20: The effect of shielding on mean intensity on plates. The intensity increases as the 
number of Mylar film increases. 
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Table 9. 4: Intensities of scanned storage imaging plates after 24 h exposure time, using 
90
Sr and 
137
Cs, keeping the activity constant (3 Bq, chosen because it falls in the linear range of the 
calibration plots as shown in figure 9.4). Table shows decreasing sensitivity per Mylar film.  
Plate 
Number 
Intensity 
PSL units 
90
Sr 
R
2
 
Sensitivity 
Per plate 
(PSL/Mylar 
Film) 
Intensity 
PSL units 
137
Cs 
R
2
 
Sensitivity 
Per plate 
(PSL/Mylar 
Film) 
1 (1 MF) 284 0.97 284 59 0.96 59 
2 (4 MF) 364 0.93 91 43 0.97 11 
3 (8 MF) 543 0.97 68 45 0.97 6 
4 (12 MF) 360 0.5 30 46 0.88 4 
5 (16 MF) 504 0.96 37 36 0.97 2.5 
Plate sensitivity is defined as the intensity of the IP plate (PSL units) per Mylar film per exposure time. Since the 
exposure time was kept constant for all the experiments, the plate sensitivity was intensity per Mylar film (PSL 
units/Number of Mylar films). 
 
9.5.3 Application of plate sensitivity in the distinguishing process 
 
To be able to use the concept of discrimination to analyse the activity from different 
radionuclides, the following assumptions are important: 
 The stopping radiation is negligible 
 The shielding is considered to be a single block. 
 
 
Since different numbers of MF were used in the shielding process, the sensitivity per 
MF for each shielding thickness can be calculated from table 9.1. Plotting the sensitivity 
per MF allows the sensitivity at any shielding to be calculated. The sensitivity of the 
SPIP is defined as; Intensity per Bq per exposure time. However, since the exposure 
time and activities of Cs and Sr were kept constant at 48 hours and 3 Bq respectively, 
the sensitivity is equal to the measured intensities after back ground corrections. From 
figures 9.11 and 9.12, the Sensitivity of the SPIP is related to the shielding by: 
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Sensitivity Cs-137 = 282.9MF
-0.783   
(9.13) 
 
Sensitivity Sr-90 = 57.0MF
-1.11
   (9.14) 
 
 
Equations 9.14 and 9.15 are important in determining the amount of shielding that is 
required to obtain the desired plate sensitivity, based on the assumptions made above. 
 
 
 
Figure 9.21: Variation of plate sensitivity per Mylar film for 
137
Cs after 24 h exposure time using 
activity of 3 Bq in wells. Figure shows the relationship between the number of films (the 
shielding thickness) and the response (intensity per Mylar film). 
y = 282.85x-0.783 
R² = 0.9521 
0 
50 
100 
150 
200 
250 
300 
0 5 10 15 20 
S
e
n
s
it
iv
it
y
  
p
e
r 
M
F
 s
h
ie
ld
in
g
 
Number of MF films 
Effect of Shielding thickness on the sensitivity of plates for 137Cs 
 
 
266 
 
 
Figure 9.22: Variation of plate sensitivity per Mylar film for 
90
Sr after 24 h exposure time using 
activity of 3 Bq in wells. Figure shows the relationship between the number of films (the shielding 
thickness) and the response (intensity per Mylar film). 
 
To differentiate a system of two radionuclides (
137
Cs and 
90
Sr), a zeroed SPIP was 
exposed to the mixed radionuclide system. This produced a total intensity (Itot1) of beta 
and gamma on the plate with a shielding thickness of 1 MF (Iβ1 and Iγ1) between the 
plate and the radioactive source. Another mixed system of 
137
Cs and 
90
Sr was exposed 
to a zeroed SPIP with 12 MF acting as shielding material between the radioactive 
source and the SPIP, this produced a total intensity Itot2 (intensities Iβ2 and Iγ2 for beta 
and gamma respectively). Applying the values obtained to equation 9.11 and 9.12 and 
solving the two equations simultaneously the activities of beta and gamma could, in 
theory, be determined. Data were obtained for various mixed radionuclide systems as 
shown in figure 9.8. The data obtained are shown in table 9.2. 
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Table 9.5: Data for scanned storage phosphor imaging plate after 24 h exposure with 3 Bq of each 
radionuclide in the wells (total activity 6 Bq). Data showing the intensities of mixed and 
single radionuclide systems under different shielding thicknesses of 1 Mylar and 12 Mylar 
films. 
Radionuclide Shielding  = 1 MF; Activity 3 Bq 
Counts background corrected 
Radionuclide 
137
Cs 
90
Sr 
63
Ni 
99
Tc 
45
Ca 
85
Sr 
Intensity 
(Counts) 
1200 140 51 370 140 63 
Mixture of 
Radionuclides 
 
137
Cs + 
90
Sr 
137
Cs + 
63
Ni 
137
Cs + 
99
Tc 
137
Cs + 
45
Ca 
137
Cs + 
85
Sr 
Intensity 
(Counts) 
 
1200 1400 1500 1400 1400 
 
Radionuclide shielding = 12 MF Activity 3Bq 
Radionuclide 
137
Cs 
90
Sr 
63
Ni 
99
Tc 
45
Ca 
85
Sr 
Intensity 
(Counts) 
720 62   100 30 60 
Mixture of 
Radionuclides 
 
137
Cs + 
90
Sr 
137
Cs + 
63
Ni 
137
Cs + 
99
Tc 
137
Cs + 
45
Ca 
137
Cs + 
85
Sr 
Intensity 
(Counts) 
 
700 650 710  670 750 
 
Results obtained for a mixed system of two radionuclides are shown in table 9.5. The 
table shows the effect of the shielding on the measured intensity. It can be seen that the 
intensity for 
137
Cs decreased from 1200 counts for a shielding of 1 MF to 720 counts for 
12 MF.  For 
90
Sr the intensity decreased from 140 counts for 1 MF shielding to 62 
counts for 12 MF shielding. For the mixed systems, the intensities also decreased as the 
shielding increased. However, it was not possible to completely discriminate one 
radionuclide in any of the mixed systems. At shielding thickness (number of MF) = 12, 
intensities of all radionuclides in any of the radionuclide pair could measured as shown 
in the table. Thus, equation 9.11 and 9.12 become useful in determining the activities of 
the radionuclides in the mixed system.  
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Taking a mixed system of 
137
Cs and 
90
Sr, it can be seen that a mixed system of 
137
Cs and 
90
Sr at a shielding of 1 MF gave intensity on the plate of 1200 counts. However, the 
expected intensity was 1340 counts. Increasing the shielding thickness to 12 MF, while 
(keeping the activity constant at 3 Bq per radionuclide); the measured intensity 
decreased to 700 (expected intensity was 762). The difference in the intensities for a 
mixed system and the sum of the intensities due to individual radionuclides can be 
attributed to experimental errors such as: 
 Errors resulting from the scanning process 
 Error resulting from plate process (zeroing of plate) 
 Error resulting from image analysis using manual hand tools  
 Errors resulting from activity measurement   
 
However, from the results it is evident that the intensity on the plate decreased as the 
shielding increased from 1 to 12. Values from table 9.2 have been applied to equations 
9.11 and 9.12 to obtain the following: 
 
1200 = 282γ + 59β  (9.15) 
 
700 = 37γ + 23β  (9.16) 
 
Solving equation 9.15 and 9.16 simultaneously, the intensities of beta and gamma can 
be calculated. These equations relate the total intensity of a mixed system to the 
intensity of the beta and gamma emitters present in a mixed system. However, to 
calculate the activities of each radionuclide from the determined intensity present in a 
mixed system, calibration plots (Intensity-Activity plots) are needed. Previous work by 
Douglas (155) showed that the intensity on the imaging plates has a linear relationship 
with the activity for different radionuclide for exposure period of 1 to 2 days using 
activities between 1 x 10
-3
 to 5 Bq. Calibration experiments for 
137
Cs and 
90
Sr used in 
the work confirm previous findings as shown in figure 9.4. (155). Solving equations 
9.15 and 9.16 gave intensities of -103 and 26 respectively for gamma and beta, which 
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are inconsistent with expected values. From the calculated values for beta and gamma, it 
is not possible for the intensity to be negative. The negative value calculated for beta, 
might imply that the intensity on the plate for a mixed systems was overwhelmingly due 
to gamma. However, sources of error as mentioned earlier could lead to false 
measurement of the actual intensity observed on the plates. 
 
9.6 Conclusions and further work 
 
The results so far indicate the possibility of using storage phosphor imaging plates for 
radionuclide quantification, identification and spatial resolution for both single and 
mixed radionuclide systems. By discriminating different radionuclides it is possible to 
detect the intensity of the more penetration or stronger emitting radionuclide. The 
difficulties in the process described above lie in the fact that the overall intensity 
measured on the plates might not be the intensity due to only the radionuclide of 
interest. The resulting pseudo intensities must be corrected. It has been shown as in 
figures 9.9 and 9.10 that the intensity on the plate increase with increasing number of 
Mylar films used for shielding. This has led to false intensity readings on the plates, 
during the discrimination process. The way forward is to carrier out a characterisation of 
any potential material that can be suitable for discriminating between different 
radionuclides. Characterisation of the shielding material to understand the contribution 
from the Bremsstrahlung radiation is important. The correction could be applied, and 
equation 9.1 will become: 
 
Itot =Iα +Iβ +Iγ+ θ  (9.17) 
 
Where θ is the added radiation resulting from the stopping radiation generated by the 
shielding material. Since different materials used in shielding will differ in the amount 
of Bremsstrahlung radiation, characterisation will be important. 
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The work presented here, for a mixed system of two radionuclides, could be made 
simpler by completely shielding out one radionuclide from the system. The shielding 
will thus, permit only one radionuclide to produce intensity on the storage plate and 
thus, reduce the number of equations. From this simple system a better understanding of 
the system could be obtained before using a system of two or more equations.  
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Chapter 10 
 
Conclusions and further work 
 
The main aims of this thesis were to study the relative sorption properties of europium 
and nickel to granitic materials under different experimental conditions and method 
development studies using storage phosphor imaging plates. The work was divided into 
two sections: 
1. Ni and Eu sorption to selected granitic rocks and minerals, and cation exchange 
capacity measurements using powdered and intact samples. 
2. Differentiation of a mixed system of  radionuclide of 137Cs and 90Sr using 
storage phosphor imaging plates with Mylar films acting as shielding materials 
between the plates and the radioactive source. This chapter summarises the 
major results obtained. 
 
10.1 Sorption studies 
 
10.1.1 Sorption at constant pH 
 
Sorption experiments were conducted in variable and constant pH environments, for Ni 
and Eu sorption to granitic rocks and minerals. Sorption results for constant pH 
environment are summarised under the following: 
1. Application of the component additive model. 
2. Sorption/desorption studies. 
3. Multi-element sorption.  
4. Eu sorption in carbonate systems and,  
5. Cation exchange capacity measurements. 
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10.1.1.1 Application of the component additive model 
 
Experimental data were modelled using the Linear, Freundlich and Langmuir models 
(tables 3.2 to 3.7). Calculated Rd values for Ni and Eu sorption to the different 
component minerals of the different granitic rocks were calculated. The CAM was 
applied using experimentally determined percentage composition of the different 
component minerals. The Rds for the different granite samples were compared with 
those obtained from the sum of the Rds of the component minerals. To show that the 
CAM applied to a granitic rock sample, the ratio. 
Pr 1edicted
Calculated
d
d
R
R  
 
The results showed the CAM was applicable for Ni sorption to BG and was not 
applicable for Eu sorption. How the sorption data fitted to the CAM was ranked in the 
following order; BG (1) > GA (0.7) > RG (0.5) > GG (0.2), GrG (0.2) for Ni sorption 
and RG (0.7) > BG (0.4) > GA (0.2), GG (0.2), GrG (0.2) for Eu sorption to the 
different granitic rocks. Values in brackets represent the ratio of Rd-predicted/Rd-calculated. 
Results from the application of the CAM showed it is not possible to predict the Rd of 
the bulk sample from the component minerals as shown with Ni and Eu sorption to GA, 
BG, GrG and RG. The reasons for the limitations in the application of the CAM in 
predicting the Rd from those of its component minerals include: 
1. Variations in the chemical and physical properties of the component minerals 
when present alone in solution, and when present in the bulk sample. The 
physiochemical environments of the metal ions differ when they are in contact 
with a homogeneous particle solution and when they are in a heterogeneous 
system. 
2. There might be differences in the net surface area of the mineral and the bulk 
sample. This can affect the Rd measured for the granitic mineral. Since the 
particle size is the same for the minerals and for the intact samples, the net area 
of the mineral alone in solution will be greater than that in the bulk sample with 
the sample particle size 
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3. Errors from resulting from the determination of the exact mineralogical 
composition of the granitic samples can contribute to variation in the predicted 
and calculated Rd values. Other trace minerals like smectite and illite have been 
ignored in calculating the percentage mineralogical composition. 
 
10.1.1.2 Sorption desorption studies  
 
Desorption studies were performed and results analysed taking into consideration the 
sorption process. The major parameters were; desorption hysteresis (H) and the 
percentage desorption, calculated as stated below: 
bound desorbted
bound
Q – Q
H   
Q
 
 
 
desorbed
% desorbed 100
bound
x   
 
When H is equal to 1 then the sorption process is not reversible and assumptions for the 
sorption models such as the Langmuir are not applicable (section 1.10). From figure 4.6, 
it can be concluded that adsorbents with high Rd exhibit high hysteresis towards 
desorption. Values of H closed to 1 were calculated for the granitic rocks (GrG, RG, and 
BG) while the least values were calculated for RQ). The reasons for the high hysteresis 
for the granitic rocks could be attributed to:  
1. Desorption starting under non equilibrium conditions (non-attainment of 
equilibrium due to rate limited diffusion can lead to an underestimation of 
equilibrium sorbed concentration in the sorption direction, and an 
overestimation in the desorption direction. 
2. Sorbate losses from the batch system and losses of sorbate to batch vial 
components, especially polymer liners and seals. If these losses are not 
considered, it could lead to incomplete mass balances used to construct the 
sorption isotherm, resulting in hysteresis due to overestimation of the sorbed 
concentrations). 
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4. Steric hindrances due to the molecular structure of particle-metal complex can 
result in limitations of the desorption process resulting in hysteresis. 
 
10.1.1.3 Multi-element sorption 
 
The effect of Ni sorption in the presence of Eu and Eu sorption in the presence of Ni in 
solution was studied by batch sorption experiments. Control experiments (single 
systems of Ni and Eu) were conducted and the results analysed using the Langmuir 
(where saturation of sorption sites occurred) and the Linear model. Rd values were 
correlated to surface complexation constants derived from modelled data that gave the 
best fit with the experimental data. The effect of sorption in mixed and single systems 
of Ni and Eu was modelled using an enhancement factor Rd mix/Rdsing. When Rd mix /Rdsing 
> 1 sorption was enhanced and < 1 sorption was suppressed. Results obtained for Ni and 
Eu sorption to Granite Adamellite, Rose Quartz, Plagioclase Feldspar and Muscovite 
Mica showed that Eu sorption was suppressed in the presence of Ni. Results for Ni 
sorption to Granite Adamellite, Rose Quartz and Muscovite Mica were also suppressed. 
However, there was no effect for Ni sorption to Plagioclase in the presence of Eu. The 
results thus, show that in the presence of more than one radionuclide in solution, the 
sorption capacity is reduced compared to sorption of the same radionuclide alone in 
solution. The suppression can be due to the reduction of available sorption sites when 
two or more radionuclides are present. Overall, the following deductions could be made 
based on the application of the Linear model to the experimental data: Eu and Ni 
sorption are, in terms of Rd corrected for surface area effect in the following order: 
 
Eumix: MM > GA > PF > RQ 
Eusing: MM > GA > PF > RQ 
Nimix: MM > GA > PF > RQ 
Nising: MM > RQ > GA > PF 
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From the ranking above it is evident that sorption to MM played a significant role in the 
overall bulk sorption of granitic samples. Results showed a relationship between Rd and 
surface complexation constants (the higher the Rd the higher the surface complexation 
constant).  
 
10.1.1.4. Sorption in Carbonate systems 
 
The presence of carbonate as a major component of groundwater has been highlighted 
by several authors, Arcos
 
(125) and Hoffman (124) and Allard et al. (4). However, 
limited knowledge exists on the effect of carbonate on the sorption capacity and rates of 
actinide sorption. The aim of the work was to investigate the effect of carbonate on the 
sorption capacity and rate of Eu sorption.  Eu sorption experiments were conducted in 
two carbonate systems of 1.0 x 10
-6
 and 0.02 mol dm
3
 NaHCO3 as described in the 
experimental section 2.3.4. The results were analysed using the first and second order 
kinetic models (section 6.3). The results showed that sorption occurred by the Langmuir 
model with the saturation of sorption sites for Biotite Granite, GrG and Rapakivi 
Granite after more than 300 hours of equilibration. Results showed a decrease in the 
concentration of Eu bound as the concentration of carbonate increased from carbonate 
free, to low carbonate and high carbonate systems (Using the linearised Langmuir 
isotherms the maximum concentrations of Eu bound after 520 hours were calculated as 
7.8 x 10
-6
, 7.7 x 10
-6
, and 6.9 x 10
-6
 mol dm
-3
 for CF, LC and HC systems respectively). 
However, there was no difference between the sorption profile of carbonate free system 
and low carbonate system. The reason could be due to their similarities in Eu speciation 
(figures 2.1 and 2.2).  
 
Eu sorption profiles for Orthoclase Feldspar and Muscovite Mica were similar to those 
of the granitic rocks. Eu sorption to Rose Quartz was enhanced in the presence of 
carbonate (figure 6.12A). This is in contrast to the rest of the results for this chapter. 
However, the low sorption capacity of quartz was observed.  
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Taking into consideration the complexity of the speciation of Eu in different carbonate 
concentrations, it can be concluded that carbonate in the groundwater might affect the 
sorption mechanisms by which granitic rocks will retard sorption. Generally high 
carbonate concentrations are seen to affect the initial rates (table 6.3). Except for Rose 
Quartz where the presence of carbonate enhanced both the Rd and the maximum 
concentration bound, carbonate decreased the Rd and maximum concentration of Eu 
bound for the granitic rocks, Orthoclase Feldspar and Muscovite Mica. Overall the 
following deductions can be made 
1. Sorption was fast initially, and reached saturation at longer equilibration times 
(desorption observed for Eu sorption to Muscovite Mica in carbonate free 
system above 42 hours equilibration.  
2. The presence of carbonate in solution can alter the overall speciation of the 
metal in solution which can affect sorption rates. 
3. Sorption data fitted to the first order kinetic model partially for most cases with 
less than 200 hours of equilibration. Data fitted to the first order model as the 
concentration of carbonate increased in solution. 
4. Sorption data fitted to the second order model when the entire equilibration 
period is considered. 
5. The effect of intra-particle diffusion is shown, with Muscovite Mica showing the 
least dependence on intra-particle diffusion. 
 
10.1.1.5 Cation exchange capacity measurements 
 
Most CEC measurements are performed on particulate matter. However, there are 
problems in the extrapolation and application of CEC values determined from powdered 
or crushed rock samples. Therefore, the CEC properties of crushed material may be 
unrepresentative of the CEC of fracture surfaces. The aim of the work was to calculate 
the CEC for crushed and intact samples. The surface areas of the intact and crushed 
samples were used to normalise the measures, to compare the CEC of crushed and 
powdered samples. Rock beakers were made to provide a granitic material, which also 
served as the cation exchange surface (Figure 2.5 A and B). Using the Bascomb method 
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cation exchange studies were carried out on three rock beakers made from Weardale 
Granite, Muscovite and Biotite Mica while crushed samples include Weardale Granite, 
Graphic Granite and Grey Granite, Rose Quartz, Plagioclase Feldspar, Muscovite and 
Biotite Mica. For pulverised granitic rocks the CEC was 18 cmol m
-2
, while for the 
granitic minerals (MQ, PF and MM) the range was in the range 30 to 62 cmol m
-2
, with 
MQ having the highest CEC as a result of the small surface area (0.85 m
2
g
-1
), this was 
not expected, because the results imply that the CEC decreased with increased surface 
area. Results for the rock beakers show that the CEC is 6 orders of magnitude higher 
than that of crushed samples. The reason for the disparity can be due to: 
1. The penetration of BaCl2 solution into the bulk of the granite base thereby, 
exchanging cations with the rest of the granite base of the rock beaker.  
2. The equilibration method; samples must be shaken fully to allow the exchange 
of cations between the solid and the solution. 
3. Errors resulting from BET N2 adsorption, resulting in faulty surface area of the 
powered samples. 
4. Also attainment of equilibrium in the rock beaker-solution, and crushed solid-
solution are important factors that can affect the results. 
 
10.1.2 Sorption in variable pH systems 
 
Sorption studies were performed in the pH range 4 to 11 in different ionic strength 
environments. The aims were to investigate the effect of different NaCl environments 
on the sorption of Ni and Eu, to determine the sorption edge and to establish 
complexation constants for Eu and Ni binding to selected granitic rocks and minerals. 
Sorption experiments were carried out in 0.1 and 0.05 mol dm
-3
 NaCl solutions, with a 
NaCl free control experiment, using Graphic Granite, Granite Adamellite, Rapakivi 
Granite, Rose Quartz, Plagioclase Feldspar and Muscovite Mica. Concentrations of Ni 
and Eu were 1.0 x 10
-5
 mol dm
-3
 for all the systems studied. Results were presented as 
sorption isotherms. Sorption data were analysed initially using the mass action law 
(Kurbatov plot) from which Log K values were determined using log Rd-pH plots 
(figure 5.4). 
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Results showed Ni sorption was affected by pH and a sorption edge was obtained 
between pH 6 and 9 for NaCl systems, while there was no effect on the sorption 
capacity for NaCl free system (figure 5.3). Results also showed Ni sorption to 
Plagioclase Feldspar and Rose Quartz were affected by pH while no effect of pH was 
recorded for Ni sorption to MM (figure 5.14). Eu sorption results showed NaCl 
enhanced sorption to the granitic rocks studied below pH 7, however, no sorption edge 
occurred as sorption was independent of pH. Using the JChess geochemical code, it was 
shown that Eu sorption was enhanced in the present of NaCl in confirmation with 
experimental results obtained. However, fitting modelled data to experimental data 
produced poor fits especially for Ni and Eu sorption to Rose Quartz, and Muscovite 
Mica (figure 5.24 and 5.27).   
 
Surface complexation parameters were derived by fitting modelled data to experimental 
data by the best fit method. By using mono and bi dentate binding, results showed that 
sorption in the three systems studied was overwhelmingly monodentate. The reasons for 
the poor fits between modelled and experimental data could be due to the purity of 
samples, most surface complexation studies are performed on purified samples the 
model assumes the samples to be pure mineral samples. Another reason could be non 
attainment of equilibrium. It can be difficult to determine the equilibration time for 
equilibrium in the system. 
  
 
10.2 Differentiation of a mixed system of radionuclides 
 
Many of the methods used to quantify radioactivity are not able to display the spatial 
resolution of the radioactivity in the sample. Therefore, there is a need to develop new 
instruments and methods that can quantity, qualify and display the spatial distribution of 
radioactivity on/in an environmental sample.  Digital autoradiography coupled with 
storage phosphor imaging plates can be used to display the hot spots on radioactive 
samples, and when calibrated can potentially be used to quantify radioactivity. The aim 
of this work was to use the storage phosphor imaging plates coupled with the Storm 
 
 
279 
 
scanner system to differentiate a mixed system of 
137
Cs and 
90
Sr by placing Mylar films 
between the radioactive source and imaging plate. Using different shielding thicknesses 
to produce intensities on the plates, intensities for 2 Mylar and 12 Mylar films were 
obtained. From the intensities and using equations; 9.11 and 9.12, a simultaneous 
equation 
137
Cs and 
90
Sr (gamma and beta) was derived. It was expected that solving the 
two equations will give the concentrations of beta and gamma in the mixed system. 
Results obtained for 
137
Cs and 
90
Sr showed that it was not possible to use the system to 
differentiate between 
137
Cs and 
90
Sr. The reason could include contribution from 
Bremsstrahlung effect, as radiation passed through the Mylar films. Other reasons could 
be: 
 Errors resulting from the scanning process 
 Error resulting from plate process (zeroing of plate) 
 Error resulting from image analysis using manual hand tools  
 Errors resulting from activity measurement   
 
The way forward is to carrier out a characterisation of any potential material that can be 
suitable for discriminating between different radionuclides. Characterisation of the 
shielding material to understand the contribution from the Bremsstrahlung radiation is 
important. 
 
10.3 Further work 
 
10.3.1 Sorption verification 
 
Most of the models applied to the sorption data simply describe macroscopic properties 
of the process and fail to definitely prove a reaction mechanism
 
(101). To better 
understand the sorption process at the molecular level, spectroscopic investigations 
using XAFS or Time-Resolved Laser Fluorescence Microscopy (TRLFM) are needed to 
be carried out in conjunction with macroscopic sorption studies to elucidate the 
physiochemical processes on the atomic/molecular level and to identify the different 
phases responsible for the uptake (157). Although macroscopic equilibrium studies and 
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models give some important information about sorption desorption phenomena, no 
molecular information is revealed. Scheidegger and Sparks (158) suggested that 
molecular and/or atomic resolution surface techniques should be employed to 
corroborate the proposed mechanisms hypothesised from equilibrium and kinetic 
sorption experiments. Studies using surface spectroscopic and microscopic techniques 
have shown that the adsorption of heavy metals on oxide surfaces results in the 
formation of multinuclear or polynuclear surface complexes much more frequently than 
previously thought. Formation of multinuclear metal hydroxides of Ni on the surfaces of 
oxides and aluminosilicates has been observed, such surface complexes or precipitates 
have been observed at metal surface loadings far below a theoretical monolayer 
coverage and in a pH-range well below the pH where the formation of metal hydroxide 
precipitates would be expected according to the thermodynamic solubility product 
(158). There is no evidence in the published literature that the above state structural 
diagnostic techniques have been applied to study the metal-solid structure. Structural 
elucidation techniques like the scanning electron microscopy have been applied to study 
the sorption of Ni to pyrophyllite (100); this is one of the very few studies carried out. It 
will therefore be of primary importance to look at the surfaces of the solids before and 
after sorption to give an indication of the mechanism of sorption which mechanistic 
models fail to give. In addition to the results obtained from both variable and constant 
pH sorption experiments, further work is needed using some of the techniques 
highlighted above.  
 
10.3.2 Sorption to rock beakers 
 
In chapter 8 of this thesis, rock beakers were used to determine the cation exchange of 
intact solid.  Cation exchange is one of the several retardation mechanisms in the far 
field. Sorption experiments are often carried out on powered surfaces as opposed to 
intact (bulk) surfaces, over estimation of sorption can occur. It is important in the future 
to carry out sorption experiments on bulk surfaces such as that of the rock beakers. 
Result obtained from intact and powered samples can be correlated to obtain a 
relationship between the sorption capacity of powered and intact samples.   
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10.3.3 Sorption verification on rock beakers using autoradiography 
 
Storage phosphor imaging plates coupled with the storm scanner system can be used to 
determine radioactive hot spots on geological sample. Sorption experiments using rock 
beakers as suggested in section 10.3.2 can be used with the autoradiography system to 
verify sorption and to investigate the distribution sorbed radionuclides on the sample. 
Intensity calculations can be used to determine the sorption capacity of the component 
minerals of the granite sample. 
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Appendices 
Appendix 1 
 
Appendix 1.1 UK multi-barrier containment system 
 
 
Figure 1: The multi-barrier containment (159) 
Appendix 1.2: Release of radionuclides in the near field 
 
 
Figure 2: Schematic showing how the effect of flowing groundwater (23) Position 1 shows the plane 
of groundwater movement meets potential released radionuclides while at position 2 the plane is 
not in contact with released Radionuclides. 
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Appendix 1.3: Deviations from Linear Kd models 
 
Figure below shows the three models applied to the sorption data collected. From the 
figure it is evident that at lower concentrations, all three models are applicable. 
However, at higher concentrations deviation from linearity is observed. 
 
 
Figure 3: Empirical models showing deviations at high metal loading (125) 
 
Appendix 1.4: Different types of surface complexation models   
 
Appendix 1.4.1 Diffusion double Layer  
 
The diffusion double layer (DDL) describes the distribution of ions at the interface. One 
major disadvantage of this model is that ions are considered as point charges that leads 
to errors in the calculation of surface potentials. The surface complexation layer is based 
on molecular description of the double layer based on experimental adsorption data 
attained at equilibrium conditions. These models consider surface charge balance, 
electrostatic potential terms equilibrium constants, capacitances a surface charge density 
(46). 
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Appendix 1.4.2 Constant capacity model 
 
Assumes a linear relationship between the surface charge and surface potential that all 
complexes formed are inner sphere, that adsorption of anions is by ligand exchange and 
a constant ionic strength reference state determines the activity coefficient of the 
aqueous species in the conditional equilibrium constant (46). The constant capacitance 
and diffuse-layer models have many similarities and are commonly used. Both models 
define specific adsorption of all ions on the same plane. Also, their mass action and 
charge balance equations are identical (except for the numerical value of the equilibrium 
constants) (46). 
Appendix 1.4.3 Triple-layer model 
 
This model assumes that only H
+
 and OH
-
 ions form inner sphere complexes and that all 
other ions and ligands form outer sphere complexes. This Model combines two 
capacitance layers with a diffusion layer which contain the H
+
/OH
-
, other metal ligand 
and the counter ions respectively. Both capacitance layers have a linear relationship 
between the charge and the capacitance. The triple layer model describes three layers 
called the o, δ and β planes. The o plane represents the interface between the solid 
surface and the solution. The β plane extend out as far as the diffusion layer δ plane 
(43). 
A    B   C 
 
Figure 4: Schematics depicting the solid–solution interface for the surface complexation models: 
(A) constant capacitance model (CCM), (B) diffuse Layer model (DLM), (C) triple layer 
model (TLM). Adapted from (43). 
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Appendix 1.4.4: Schematic depicting inner and outer sphere complexation 
 
 
Figure 5: Schematic showing the location of the stern layer and diffuse layers (160) 
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Appendix 2: BET Surface area analysis 
 
Table 1: BET Surface areas are derived from the adsorption of gases on surfaces of particles. Stephan Brunauer, PH Emmett, and Edward Teller, in 1936 
published, a method for the measurement of the surface area of particles by adsorption of gases. Ever since this method has been called the BET 
derived from the first letter of each of the authors. Brunauer, S., Emmett, P.H., Teller, E (161) 
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14:59:08PM 
N2 
17/11/2009 
11:19:08PM 
N2 
17/11/2009 
11:19:08PM 
N2 
17/11/2009 
14:59:08PM 
N2 
17/11/2009 
14:59:08PM 
N2 
Completed: 
17/11/2009 
13:57:30PM 
77.300 K 
17/11/2009 
17:47:00PM 
77.300 K 
17/11/2009 
13:57:30PM 
77.300 K 
17/11/2009 
13:57:30PM 
77.300 K 
17/11/2009 
17:47:00PM 
77.300 K 
17/11/2009 
17:47:00PM 
77.300 K 
Report Time: 
17/11/2009 
14:00:48PM 
1.0275 g 
18/11/2009 
9:39:12PM 
1.0136 g 
17/11/2009 
14:00:01PM 
1.3410 g 
17/11/2009 
14:01:05PM 
0.8507 g 
18/11/2009 
9:39:35PM 
1.0330 g 
18/11/2009 
9:38:26PM 
1.2441 g 
Warm Free Space: 
11.2221 cm³ 
Measured 
32.8879 cm³ 
Measured 
11.2016 cm³ 
Measured 
32.6815 cm³ 
Measured 
10.9049 cm³ 
Measured 
31.8056 cm³ 
Measured 
11.2779 cm³ 
Measured 
33.1586 cm³ 
Measured 
10.9841 cm³ 
Measured 
31.8869 cm³ 
Measured 
11.1721 cm³ 
Measured 
32.6520 cm³ 
Measured 
Equilibration Interval: 5 s None 5 s None 5 s None 5 s None 5 s None 5 s None 
Sample Density: 2.700 g/cm³ No 2.700 g/cm³ No 2.700 g/cm³ No 2.700 g/cm³ No 2.700 g/cm³ No 2.700 g/cm³ No 
Single point surface area at 
P/Po = 0.287421342: 
2.4949 m²/g 
 
4.4832 m²/g 
 
1.3875 m²/g 
 
1.6613 m²/g 
 
1.5203 m²/g 
 
0.8542 m²/g 
 
BET Surface Area: 2.5618 m²/g 
 
4.5567 m²/g 
 
1.4195 m²/g 
 
1.7041 m²/g 
 
1.5559 m²/g 
 
0.8658 m²/g 
 
BJH Adsorption average 
pore diameter (4V/A): 
20.3772 nm 
 
15.7350 nm 
 
27.5417 nm 
 
26.1510 nm 
 
24.4341 nm 
 
36.7387 nm 
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Appendix 3: Proton exchange capacity measurement for different granitic 
rocks and minerals 
 
Equivalence points are determined from auto-titration measurements with NaOH(aq) 
  
   
Orthoclase Feldspar      Grey Granite 
 
 
Rose Quartz       Muscovite Mica 
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Appendix 4: Sorption at variable pH 
4.1 pH dependent Ni Sorption summary to granitic rocks 
 
Figure 6: Ni sorption to granitic rocks in 0.1 mol dm
-3
 NaCl background electrolyte. Figure shows 
constancy in sorption capacity of BG and GrG. 
 
 
Figure 7: Ni sorption to granitic rocks in 0.05 Mol dm
-3
 NaCl background electrolyte. Figure shows 
constancy in sorption capacity of BG and GrG. 
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Figure 8: Ni sorption to granitic rocks in NaCl free solution. Figure shows constancy in 
sorption capacity of all granitic minerals. 
 
Appendix 4.2: Modelled and Experimental data for different systems 
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Appendix 5: Eu sorption to granitic materials in mixed and single systems 
 
 5.1 Sorption isotherms for Eu and Ni sorption to Grey and Rapakivi Granites in mixed 
and single systems 
 
Figure 9: Sorption isotherms for Eu and Ni sorption to Grey Granite (GrG) in mixed and single 
systems 
 
 
Figure 10: Mean Rd values for Ni and Eu sorption in mixed and single radionuclide systems for 
GrG. 
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Figure 11: Ni and Eu sorption to RG showing sorption profiles for mixed and single systems 
 
Figure 12: Mean Rd values for Ni and Eu sorption in mixed and single radionuclide systems for RG. 
 
5.2 . Variation of Rd with concentration of metal in solution for Eu and Ni sorption to 
granitic materials in mixed and single systems 
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Granite Adamellite 
 
Figure 13: Rd variation for Eu sorption in Mixed and Single systems. 
 
Figure 14: Rd variation for Ni sorption in Mixed and Single systems. 
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Grey Granite 
 
Figure 15: Rd variation for Eu sorption in Mixed and Single systems. 
 
Figure 16: Rd variation for Ni sorption in Mixed and Single systems.  
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Rapakivi Granite 
 
Figure 17: Rd variation for Eu sorption in Mixed and Single systems. 
 
Figure 18: Rd variation for Ni sorption in Mixed and Single systems. 
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 Rose Quartz 
 
Figure 19: Rd variation for Eu sorption in Mixed and Single systems. 
 
Figure 20: Rd variation for Ni sorption in Mixed and Single systems. 
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Appendix 6 
Appendix 6.1:  Acquired data processing method 
 
Table 2: Measurements for a hypothetical sample. Adapted from (151) considering the hypothetical 
data shown on the table below, the following terms is defined 
Name 
Ave. 
Intensity 
[PSL/pixel] 
Std 
Dev 
Area 
[pixels] 
Total 
Intensity 
[PSL] 
Area 
[mm2] 
Ave 
Intensity 
[PSL/mm2] 
Background 
corrected  
Ave 
Intensity, 
Iave. 
[PSL/mm2] 
Iave. 
[PSL/mm2 
. min] 
Trial 1: 11 minute exposure        
Background 1.63 2.45 3488 5685 140 41   
Radionuclide (7R036) 2331.59 2274.04 1264 2947130 51 58290 58249 5295 
. 
 Total Intensity: Is a product of Average Intensity (PSL/pixel) and Area (in 
pixels)
3
 
 units PSL 130 947 2                           1264  2331.59                                   
][ Area  Intensity  Ave.  ][Intensity  Total pixels
pixel
PSLPSL
 
 Area [mm
2
]: The imaging plates were scanned at a resolution of 200μm, hence 
the size of a pixel is 200μm x 200μm (that is a pixel size of 0.04 mm2). Hence 
the area in pixels is converted to squared millimetres (mm
2
) by multiplying the 
pixels by the pixel size. 
  51                                            1264  0.04                      
][ Area   0.04  ][ Area
2
2
mm
pixels
pixel
mmpixels
 
 Average Intensity: Is a quotient of the Total Intensity (in PSL units) and Area 
(in mm
2
). 
  
                                                          
3 A pixel is generally thought of as the smallest single component of a digital image. 
 
 
 
316 
 
2 2
2
2 947 130  
Ave. Intensity  
51 
                                          58 290   
PSL unitsPSL
mm mm
PSL units per mm
 
 Background Corrected Average Intensity, Iave.: Here the background is 
subtracted from the average intensity values (in PSL units per mm
2
). 
 
Finally, Iave (in units of PSL per mm
2
 per min) is obtained by dividing Iave (in units of 
PSL per mm
2
) by the exposure time (in minutes). 
 
Appendix 6.2: Comparing the sensitivity of different plates 
 
 
 
Figure 21: Comparing the sensitivity of Tritium plate and Fuji plate for 
137
Cs and 
90
Sr, for equal 
activity 3 Bq and 24 h expo 
y = 36.844x + 41.344 
R² = 0.9708 
y = 504.2x - 107.44 
R² = 0.9658 
0 
500 
1000 
1500 
2000 
2500 
3000 
0 1 2 3 4 5 6 
co
u
n
ts
 
Activity (Bq) 
Sensitivity of 137Cs and 90Sr 
Plate 5 
Cs-137 
Sr-90 
y = 59.136x - 3.7617 
R² = 0.9578 
y = 283.89x - 161.74 
R² = 0.9711 
0 
200 
400 
600 
800 
1000 
1200 
1400 
0 1 2 3 4 5 6 
co
u
n
ts
 
Activity (Bq) 
Sensitivity of 137Cs and 90Sr 
Tritium plate 
Cs-137 
Sr-90 
 
 
317 
 
Appendix 7: Experimental data. 
Appendix 7.1 Sorption data for Ni sorption to granitic rocks and minerals at constant pH and variable metal 
concentration 
 
GG RQ GRG RG BG GA MM MQ PF OF BM 
Mean concentration of Ni in solution (mol dm
-3
) 
2.76E-05 9.08E-05 5.41E-07 2.16E-05 7.29E-07 1.90E-06 7.14E-07 8.86E-05 7.25E-05 3.28E-05 7.27E-07 
2.06E-07 2.64E-05 1.22E-07 4.26E-07 2.47E-07 2.06E-07 6.80E-07 2.45E-05 1.26E-05 4.78E-07 7.83E-07 
5.84E-08 6.95E-06 4.35E-08 1.71E-07 1.94E-07 9.70E-08 2.13E-07 6.69E-06 1.27E-06 1.62E-07 2.33E-07 
1.94E-08 1.89E-06 2.74E-08 5.44E-08 5.43E-08 3.73E-08 5.80E-08 1.82E-06 2.02E-07 5.36E-08 5.31E-08 
6.57E-09 4.94E-07 1.05E-08 1.59E-08 1.66E-08 1.48E-08 1.66E-08 4.89E-07 1.99E-08 1.98E-08 2.25E-08 
2.32E-09 1.36E-07 2.66E-09 5.14E-09 4.04E-09 2.31E-09 6.81E-09 1.34E-07 4.47E-09 5.13E-09 6.76E-09 
5.87E-10 3.95E-08 7.09E-10 1.50E-09 1.24E-09 6.56E-10 1.59E-09 3.83E-08 1.24E-09 1.64E-09 2.67E-09 
3.18E-10 1.96E-08 3.83E-10 8.95E-10 6.89E-10 3.79E-10 8.56E-10 1.88E-08 6.25E-10 1.28E-09 1.37E-09 
1.03E-10 5.58E-09 1.02E-10 3.10E-10 2.10E-10 1.28E-10 2.93E-10 5.14E-09 2.30E-10 2.73E-10 4.95E-10 
3.08E-11 1.53E-09 3.24E-11 7.63E-11 7.27E-11 4.70E-11 8.88E-11 1.48E-09 5.03E-11 1.16E-10 1.59E-10 
  
GG RQ GRG RG BG GA MM MQ PF OF BM 
Mean concentration of Ni bound (mol g
-1
) 
1.46E-05 1.86E-06 2.00E-05 1.58E-05 2.00E-05 1.97E-05 2.00E-05 2.28E-06 5.53E-06 1.35E-05 2.00E-05 
5.59E-06 3.12E-07 5.60E-06 5.54E-06 5.58E-06 5.59E-06 5.49E-06 7.03E-07 3.10E-06 5.53E-06 5.47E-06 
1.56E-06 1.79E-07 1.57E-06 1.54E-06 1.54E-06 1.56E-06 1.53E-06 2.30E-07 1.32E-06 1.54E-06 1.53E-06 
4.37E-07 6.16E-08 4.36E-07 4.30E-07 4.30E-07 4.34E-07 4.30E-07 7.57E-08 4.01E-07 4.30E-07 4.31E-07 
1.22E-07 2.45E-08 1.22E-07 1.21E-07 1.20E-07 1.21E-07 1.20E-07 2.55E-08 1.20E-07 1.20E-07 1.19E-07 
3.42E-08 7.24E-09 3.41E-08 3.36E-08 3.39E-08 3.42E-08 3.33E-08 7.73E-09 3.38E-08 3.36E-08 3.33E-08 
9.56E-09 1.75E-09 9.54E-09 9.38E-09 9.43E-09 9.55E-09 9.36E-09 1.98E-09 9.43E-09 9.35E-09 9.14E-09 
4.90E-09 1.03E-09 4.89E-09 4.78E-09 4.83E-09 4.89E-09 4.79E-09 1.19E-09 4.84E-09 4.71E-09 4.69E-09 
1.37E-09 2.69E-10 1.37E-09 1.33E-09 1.35E-09 1.36E-09 1.33E-09 3.56E-10 1.34E-09 1.34E-09 1.29E-09 
3.83E-10 8.27E-11 3.83E-10 3.74E-10 3.75E-10 3.80E-10 3.72E-10 9.28E-11 3.79E-10 3.66E-10 3.57E-10 
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GG RQ GRG RG BG GA MM MQ PF OF BM 
Mean Rd (cm
3
g
-1
) for Ni sorption to granitic materials 
5.28E-01 2.09E-02 4.02E+01 7.73E-01 2.74E+01 1.07E+01 2.85E+01 2.59E-02 7.64E-02 4.15E-01 2.76E+01 
2.78E+01 1.18E-02 4.63E+01 1.33E+01 2.28E+01 2.77E+01 8.14E+00 2.88E-02 2.47E-01 1.17E+01 7.02E+00 
2.68E+01 2.58E-02 3.83E+01 9.16E+00 7.97E+00 1.61E+01 7.24E+00 3.45E-02 1.04E+00 9.62E+00 6.58E+00 
2.26E+01 3.26E-02 1.59E+01 8.01E+00 7.94E+00 1.33E+01 7.41E+00 4.17E-02 2.03E+00 8.20E+00 8.20E+00 
1.99E+01 4.98E-02 1.26E+01 7.59E+00 7.25E+00 9.41E+00 7.44E+00 5.23E-02 6.23E+00 6.69E+00 5.36E+00 
1.50E+01 5.40E-02 1.29E+01 6.65E+00 8.38E+00 1.52E+01 5.30E+00 5.77E-02 7.83E+00 6.58E+00 4.97E+00 
1.64E+01 4.81E-02 1.35E+01 6.27E+00 7.94E+00 1.47E+01 6.03E+00 5.29E-02 7.62E+00 5.73E+00 3.45E+00 
1.55E+01 5.28E-02 1.28E+01 5.37E+00 7.09E+00 1.29E+01 5.61E+00 6.34E-02 7.75E+00 4.19E+00 3.47E+00 
1.37E+01 4.85E-02 1.35E+01 4.37E+00 6.45E+00 1.07E+01 4.64E+00 6.94E-02 6.62E+00 4.90E+00 2.61E+00 
1.34E+01 5.47E-02 1.19E+01 4.91E+00 5.19E+00 8.42E+00 4.23E+00 6.29E-02 7.63E+00 3.33E+00 2.25E+00 
 
 
 
 
GG RQ GRG RG BG GA MM MQ PF OF BM 
SDV concentration of Ni free (mol dm
-3
) 
4.26E-07 4.86E-06 1.77E-07 5.96E-06 4.31E-08 4.15E-07 1.21E-07 1.96E-06 1.28E-06 2.98E-06 6.94E-08 
3.82E-08 2.09E-07 1.69E-08 7.33E-08 2.93E-08 3.91E-08 7.23E-08 5.85E-07 4.70E-07 6.92E-08 7.42E-08 
1.74E-09 1.55E-07 1.24E-08 2.53E-08 1.53E-08 3.90E-09 1.80E-08 1.25E-07 1.26E-07 1.76E-08 1.69E-08 
1.81E-09 2.26E-08 1.16E-09 7.67E-09 1.77E-09 1.64E-08 2.71E-09 8.46E-09 3.39E-08 9.25E-09 6.73E-09 
2.03E-09 1.96E-08 3.89E-09 9.85E-10 2.27E-10 7.23E-09 3.09E-09 6.92E-09 4.71E-09 8.17E-09 2.69E-09 
3.79E-10 1.02E-08 2.78E-10 7.95E-10 2.00E-10 4.33E-10 2.38E-09 3.64E-10 1.07E-09 3.96E-10 7.34E-10 
5.74E-11 6.28E-09 1.67E-11 1.07E-10 2.82E-10 6.40E-11 2.81E-10 3.32E-09 8.13E-11 1.01E-10 2.59E-10 
2.15E-11 5.53E-10 2.33E-11 6.76E-11 8.70E-11 2.77E-11 5.19E-11 5.76E-10 1.90E-11 5.28E-10 2.11E-10 
2.16E-11 1.73E-10 4.12E-12 5.22E-11 1.80E-11 1.36E-11 5.04E-11 1.76E-10 1.07E-10 1.47E-11 1.96E-11 
1.13E-11 8.22E-11 3.14E-12 2.99E-12 6.87E-12 1.15E-11 1.17E-11 2.40E-11 6.48E-12 3.36E-11 1.06E-11 
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GG RQ GRG RG BG GA MM MQ PF OF BM 
SDV concentration of Ni bound (mol g
-1
) 
5.00E-06 9.76E-07 3.56E-08 1.20E-06 8.67E-09 8.34E-08 2.43E-08 3.94E-07 2.56E-07 5.98E-07 1.39E-08 
7.67E-09 4.20E-08 3.39E-09 1.47E-08 5.88E-09 7.87E-09 1.45E-08 1.18E-07 9.44E-08 1.39E-08 1.49E-08 
3.49E-10 3.11E-08 2.49E-09 5.09E-09 3.08E-09 7.84E-10 3.61E-09 2.52E-08 2.54E-08 3.53E-09 3.40E-09 
3.63E-10 4.54E-09 2.33E-10 1.54E-09 3.56E-10 3.30E-09 5.44E-10 1.70E-09 6.81E-09 1.86E-09 1.35E-09 
4.07E-10 3.95E-09 7.83E-10 1.98E-10 4.56E-11 1.45E-09 6.21E-10 1.39E-09 9.47E-10 1.64E-09 5.40E-10 
7.61E-11 2.04E-09 5.59E-11 1.60E-10 4.02E-11 8.71E-11 4.79E-10 7.32E-11 2.15E-10 7.96E-11 1.48E-10 
1.15E-11 1.26E-09 3.36E-12 2.14E-11 5.68E-11 1.29E-11 5.66E-11 6.66E-10 1.63E-11 2.02E-11 5.21E-11 
4.32E-12 1.11E-10 4.67E-12 1.36E-11 1.75E-11 5.56E-12 1.04E-11 1.16E-10 3.83E-12 1.06E-10 4.24E-11 
4.33E-12 3.47E-11 8.29E-13 1.05E-11 3.61E-12 2.73E-12 1.01E-11 3.54E-11 2.15E-11 2.96E-12 3.93E-12 
2.27E-12 1.65E-11 6.31E-13 6.01E-13 1.38E-12 2.32E-12 2.36E-12 4.82E-12 1.30E-12 6.74E-12 2.14E-12 
GG RQ GRG RG BG GA MM MQ PF OF BM 
SDV Rd (cm
3
 g
-1
) 
1.12E-02 1.19E-02 1.51E+01 2.32E-01 1.69E+00 2.48E+00 4.71E+00 5.08E-03 4.93E-03 5.43E-02 2.77E+00 
5.25E+00 1.68E-03 5.94E+00 2.58E+00 2.92E+00 4.84E+00 8.49E-01 5.45E-03 1.65E-02 1.71E+00 6.69E-01 
8.15E-01 5.09E-03 1.23E+01 1.28E+00 6.74E-01 6.45E-01 6.40E-01 4.45E-03 1.30E-01 1.07E+00 4.76E-01 
2.19E+00 2.78E-03 6.69E-01 1.10E+00 2.69E-01 5.84E+00 3.54E-01 1.13E-03 3.44E-01 1.52E+00 1.04E+00 
6.03E+00 9.98E-03 3.91E+00 4.70E-01 1.01E-01 3.83E+00 1.51E+00 3.60E-03 1.34E+00 2.30E+00 6.32E-01 
2.50E+00 1.97E-02 1.30E+00 1.01E+00 4.27E-01 3.02E+00 1.82E+00 7.02E-04 1.76E+00 5.47E-01 5.64E-01 
1.55E+00 3.65E-02 3.18E-01 4.45E-01 2.13E+00 1.53E+00 1.09E+00 2.13E-02 4.95E-01 3.53E-01 3.66E-01 
1.03E+00 7.19E-03 7.68E-01 4.39E-01 9.45E-01 9.56E-01 3.49E-01 8.19E-03 2.46E-01 1.92E+00 5.41E-01 
2.68E+00 7.68E-03 5.65E-01 7.56E-01 5.47E-01 1.23E+00 7.80E-01 9.45E-03 2.55E+00 2.75E-01 1.09E-01 
4.12E+00 1.38E-02 1.17E+00 1.96E-01 5.12E-01 2.13E+00 5.83E-01 4.30E-03 9.91E-01 9.03E-01 1.70E-01 
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GG GA BG GRG RG RQ MQ OF PF BM MM 
Mean concentration of Eu free (mol dm
-3
) 
1.70E-05 8.37E-07 3.75E-07 3.84E-07 7.67E-06 8.70E-05 9.08E-05 3.59E-05 5.82E-06 3.80E-07 9.65E-06 
1.92E-07 1.07E-07 1.25E-07 9.96E-08 1.96E-07 2.12E-05 2.46E-05 3.78E-07 1.85E-06 1.31E-07 1.38E-07 
4.62E-08 4.58E-08 2.37E-07 3.86E-08 1.32E-07 3.80E-06 6.30E-06 1.71E-07 5.18E-07 2.77E-07 2.00E-07 
1.37E-08 2.73E-08 9.90E-08 2.24E-08 6.60E-08 3.53E-07 1.44E-06 7.03E-08 1.78E-07 1.24E-07 8.72E-08 
3.31E-09 7.51E-09 2.52E-08 5.05E-09 2.29E-08 3.30E-08 2.26E-07 1.92E-07 4.76E-08 4.64E-08 3.19E-08 
2.63E-09 2.75E-09 8.11E-09 1.46E-09 8.35E-09 3.58E-09 1.36E-08 1.31E-08 8.74E-08 1.34E-08 1.19E-08 
3.65E-10 5.52E-10 2.33E-09 4.57E-10 1.93E-09 9.12E-10 9.05E-10 5.67E-09 4.94E-09 3.40E-09 3.84E-09 
1.53E-10 2.82E-10 1.16E-09 2.60E-10 1.11E-09 4.33E-10 2.85E-10 5.43E-09 4.38E-10 1.88E-09 2.01E-09 
4.83E-11 8.40E-11 3.43E-10 5.06E-11 3.82E-10 1.00E-10 6.83E-11 3.50E-10 1.97E-10 7.37E-10 5.66E-10 
1.64E-11 2.73E-11 9.92E-11 1.91E-11 1.06E-10 3.03E-11 1.79E-11 1.21E-10 8.32E-11 1.49E-10 2.04E-10 
 
 
GG GA BG GRG RG RQ MQ OF PF BM MM 
Mean concentration of Eu bound (mol g
-1
) 
1.67E-05 1.99E-05 2.00E-05 2.00E-05 1.86E-05 2.62E-06 1.84E-06 1.29E-05 1.89E-05 2.00E-05 1.82E-05 
5.59E-06 5.61E-06 5.60E-06 5.61E-06 5.59E-06 1.37E-06 6.79E-07 5.55E-06 5.26E-06 5.60E-06 5.60E-06 
1.57E-06 1.57E-06 1.53E-06 1.57E-06 1.55E-06 8.12E-07 3.10E-07 1.54E-06 1.47E-06 2.00E-05 1.82E-05 
4.38E-07 4.36E-07 4.21E-07 4.37E-07 4.28E-07 3.70E-07 1.51E-07 4.27E-07 4.05E-07 4.16E-07 4.24E-07 
1.23E-07 1.22E-07 1.19E-07 1.23E-07 1.19E-07 1.17E-07 7.83E-08 8.51E-08 1.14E-07 1.14E-07 1.17E-07 
3.41E-08 3.41E-08 3.30E-08 3.44E-08 3.30E-08 3.39E-08 3.19E-08 3.20E-08 1.71E-08 3.20E-08 3.23E-08 
9.61E-09 9.57E-09 9.21E-09 9.59E-09 9.29E-09 9.50E-09 9.50E-09 8.54E-09 8.69E-09 9.00E-09 8.91E-09 
4.93E-09 4.91E-09 4.73E-09 4.91E-09 4.74E-09 4.88E-09 4.91E-09 3.87E-09 4.88E-09 4.59E-09 4.56E-09 
1.38E-09 1.37E-09 1.32E-09 1.38E-09 1.31E-09 1.37E-09 1.38E-09 1.32E-09 1.35E-09 1.24E-09 1.28E-09 
3.86E-10 3.84E-10 3.70E-10 3.86E-10 3.68E-10 3.83E-10 3.86E-10 3.65E-10 3.73E-10 3.60E-10 3.48E-10 
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GG GA BG GRG RG RQ MQ OF PF BM MM 
Mean Rd (cm
3
 g
-1
) for Eu sorption to granitic materials 
9.85E-01 2.47E+01 5.46E+01 5.62E+01 3.41E+00 3.02E-02 2.05E-02 3.63E-01 3.35E+00 5.42E+01 1.97E+00 
2.97E+01 5.27E+01 4.82E+01 5.68E+01 3.40E+01 6.46E-02 2.77E-02 1.50E+01 2.92E+00 4.32E+01 4.07E+01 
3.40E+01 3.47E+01 1.94E+01 4.08E+01 1.18E+01 2.14E-01 4.92E-02 9.14E+00 2.84E+00 5.48E+00 7.70E+00 
3.20E+01 1.61E+01 4.26E+00 2.08E+01 6.49E+00 1.07E+00 1.05E-01 6.10E+00 2.31E+00 3.39E+00 4.88E+00 
4.00E+01 1.75E+01 4.73E+00 2.44E+01 5.20E+00 3.67E+00 3.47E-01 2.14E+00 2.40E+00 2.79E+00 3.68E+00 
2.16E+01 1.32E+01 4.08E+00 2.38E+01 4.15E+00 9.79E+00 2.53E+00 2.80E+00 1.96E-01 2.40E+00 2.76E+00 
2.69E+01 1.74E+01 3.96E+00 2.10E+01 4.87E+00 1.05E+01 1.07E+01 1.95E+00 1.78E+00 2.68E+00 2.38E+00 
3.31E+01 1.74E+01 4.09E+00 2.01E+01 4.29E+00 1.13E+01 1.73E+01 1.70E+00 1.22E+01 2.47E+00 2.34E+00 
2.87E+01 1.65E+01 3.86E+00 2.79E+01 3.47E+00 1.37E+01 2.02E+01 3.82E+00 6.88E+00 2.02E+00 2.26E+00 
2.39E+01 1.43E+01 3.73E+00 2.12E+01 3.47E+00 1.28E+01 2.15E+01 3.40E+00 4.48E+00 2.43E+00 1.71E+00 
 
GG GA BG GRG RG RQ MQ OF PF BM MM 
SDV concentration of Eu free (mol dm
-3
) 
1.01E-06 1.79E-07 6.57E-08 1.30E-07 5.26E-06 1.76E-06 2.92E-06 3.49E-06 1.28E-06 8.11E-08 2.59E-06 
2.92E-08 1.18E-08 3.94E-08 1.16E-08 9.91E-08 3.00E-07 5.79E-07 6.05E-08 3.79E-07 1.91E-08 4.60E-09 
1.94E-09 6.63E-09 2.06E-07 3.11E-09 3.85E-09 1.50E-07 1.20E-07 2.45E-08 2.02E-08 4.69E-09 1.07E-08 
4.40E-10 3.52E-09 4.57E-09 7.11E-09 3.32E-09 5.28E-08 3.78E-08 5.26E-09 2.51E-08 1.23E-08 6.42E-09 
1.05E-09 2.62E-09 1.15E-09 3.27E-10 4.06E-10 7.67E-09 1.18E-08 2.23E-07 2.63E-09 2.10E-08 1.06E-09 
2.44E-09 8.29E-10 2.75E-10 1.31E-10 2.34E-09 7.75E-10 4.25E-09 5.11E-09 8.34E-10 1.50E-09 1.99E-09 
6.23E-11 3.69E-11 1.03E-10 1.58E-11 2.25E-10 1.05E-10 1.49E-10 3.69E-09 5.73E-10 4.89E-10 7.15E-10 
2.71E-11 1.02E-11 3.06E-11 8.31E-11 1.16E-10 4.52E-12 2.32E-11 3.82E-09 1.73E-10 2.40E-10 4.32E-10 
3.36E-12 8.70E-12 2.00E-11 8.66E-12 4.01E-11 6.57E-12 2.54E-12 4.73E-11 7.26E-12 3.97E-10 3.72E-11 
2.30E-12 4.56E-12 4.99E-12 5.48E-12 2.42E-12 3.86E-12 4.56E-13 5.42E-11 3.34E-12 1.42E-11 1.46E-11 
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GG GA BG GRG RG RQ MQ OF PF BM MM 
SDV concentration of Eu bound (mol g-1) 
2.03E-07 3.59E-08 1.32E-08 2.61E-08 1.06E-06 3.53E-07 5.87E-07 7.01E-07 2.57E-07 1.63E-08 5.20E-07 
5.88E-09 2.36E-09 7.92E-09 2.34E-09 1.99E-08 6.03E-08 1.16E-07 1.22E-08 7.62E-08 3.84E-09 9.26E-10 
3.90E-10 1.33E-09 4.14E-08 6.25E-10 7.73E-10 3.01E-08 2.42E-08 4.93E-09 4.05E-09 9.42E-10 1.00E-07 
8.84E-11 7.08E-10 9.18E-10 1.43E-09 6.67E-10 1.06E-08 7.59E-09 1.06E-09 5.04E-09 2.47E-09 1.29E-09 
2.10E-10 5.27E-10 2.31E-10 6.57E-11 8.16E-11 1.54E-09 2.37E-09 4.48E-08 5.29E-10 4.23E-09 2.13E-10 
4.90E-10 1.67E-10 5.53E-11 2.64E-11 4.70E-10 1.56E-10 8.54E-10 1.03E-09 1.00E-08 3.02E-10 3.99E-10 
1.25E-11 7.41E-12 2.07E-11 3.17E-12 4.52E-11 2.11E-11 3.00E-11 7.41E-10 1.15E-10 9.82E-11 1.44E-10 
5.44E-12 2.05E-12 6.15E-12 1.67E-11 2.33E-11 9.08E-13 4.67E-12 7.69E-10 3.48E-11 4.82E-11 8.69E-11 
6.74E-13 1.75E-12 4.01E-12 1.74E-12 8.06E-12 1.32E-12 5.10E-13 9.51E-12 1.46E-12 7.97E-11 7.48E-12 
4.62E-13 9.16E-13 1.00E-12 1.10E-12 4.87E-13 7.77E-13 9.17E-14 1.09E-11 6.71E-13 2.85E-12 2.94E-12 
 
GG GA BG GRG RG RQ MQ OF PF BM MM 
SDV Rd (cm
3
 g
-1
) Eu sorption to granitic materials 
7.06E-02 5.91E+00 9.70E+00 1.87E+01 2.33E+00 4.67E-03 7.02E-03 5.21E-02 6.94E-01 1.03E+01 5.06E-01 
5.00E+00 5.69E+00 1.74E+01 6.26E+00 1.70E+01 3.78E-03 5.43E-03 2.51E+00 5.79E-01 6.48E+00 1.34E+00 
1.43E+00 4.70E+00 2.51E+01 3.42E+00 3.49E-01 1.65E-02 4.79E-03 1.26E+00 1.20E-01 9.61E-02 4.17E-01 
1.03E+00 2.04E+00 2.02E-01 6.16E+00 3.44E-01 1.76E-01 7.94E-03 4.69E-01 3.33E-01 3.38E-01 3.90E-01 
1.33E+01 5.19E+00 2.29E-01 1.61E+00 9.60E-02 7.97E-01 2.94E-02 2.87E+00 1.40E-01 1.09E+00 1.28E-01 
1.46E+01 3.83E+00 1.43E-01 2.26E+00 1.05E+00 2.07E+00 8.67E-01 1.41E+00 3.79E-03 2.75E-01 4.51E-01 
4.85E+00 1.13E+00 1.83E-01 7.46E-01 5.59E-01 1.28E+00 1.73E+00 1.02E+00 1.00E-04 3.84E-01 4.35E-01 
6.44E+00 6.47E-01 1.15E-01 5.47E+00 4.41E-01 1.20E-01 1.42E+00 2.14E+00 2.00E-03 3.40E-01 4.87E-01 
1.99E+00 1.69E+00 2.44E-01 5.30E+00 3.74E-01 8.75E-01 7.43E-01 5.54E-01 2.62E-01 9.60E-01 1.68E-01 
3.42E+00 2.56E+00 2.03E-01 5.63E+00 8.32E-02 1.57E+00 5.51E-01 1.31E+00 1.88E-01 2.40E-01 1.32E-01 
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Appendix 7.2: Sorption data for Ni desorption from granitic materials at constant pH and variable metal 
concentration 
GG RQ GRG RG BG GA MM MQ PF OF BM 
Mean concentration of Ni desorbed (mol g-1) 
1.04E-06 1.48E-06 4.57E-08 3.48E-06 9.91E-08 3.97E-07 1.20E-06 5.23E-07 1.3E-06 1.04E-06 2.56E-06 
1.04E-07 5.03E-07 1.02E-08 6.49E-07 1.07E-07 2.09E-07 1.00E-06 2.29E-07 6.5E-07 2.88E-07 1.13E-06 
1.26E-07 2.19E-07 5.74E-08 7.58E-08 6.85E-08 9.38E-08 1.42E-07 8.58E-08 2.32E-07 6.67E-08 4E-07 
5.95E-08 6.85E-08 2.43E-08 3.44E-08 2.63E-08 2.05E-08 2.39E-08 3.26E-08 5.26E-08 1.61E-08 8.74E-08 
1.71E-08 2.51E-08 1E-08 1.16E-08 4.48E-09 4.59E-09 1.27E-08 8.8E-09 6.65E-09 2.12E-09 3.26E-08 
5.31E-09 6.92E-09 2.8E-09 3.67E-09 1.44E-09 1.24E-09 3.66E-09 2.81E-09 1.52E-09 7.2E-10 8.09E-09 
1.88E-09 1.63E-09 1.12E-09 1.05E-09 4.25E-10 3.5E-10 8.99E-10 7.89E-10 3.51E-10 1.19E-10 2.51E-09 
9.89E-10 9.04E-10 4.44E-10 4.76E-10 2.73E-10 7.91E-11 7.91E-10 4.49E-10 1.39E-10 7.18E-11 1.18E-09 
1.93E-10 2.11E-10 1.26E-10 1.26E-10 6.82E-11 6.26E-11 2.04E-10 1.32E-10 4.73E-11 3.49E-11 2.67E-10 
4.65E-11 7.26E-11 2.73E-11 3.75E-11 2.26E-11 1.52E-11 4.36E-11 3.51E-11 1.57E-11 1.43E-11 7.71E-11 
 
GG RQ GRG RG BG GA MM MQ PF OF BM 
SDV Ni Desorbed 
5.96E-08 1.91E-07 2.62E-08 1.36E-06 1.61E-07 1.42E-07 6.54E-09 2.31E-07 3.38E-08 1.26E-07 3.31E-07 
1.05E-08 9.95E-08 2.79E-08 4.13E-07 1.03E-07 8.98E-08 4.62E-08 4.69E-08 8.73E-08 9.46E-08 1.14E-07 
2.97E-08 3.51E-08 5.71E-09 1.59E-08 3.81E-08 1.35E-08 9.81E-08 1.32E-08 1.43E-08 2.25E-09 7.60E-08 
1.08E-08 3.27E-09 2.81E-09 6.72E-09 5.07E-09 1.10E-09 2.00E-08 1.29E-08 2.25E-09 6.48E-09 1.41E-08 
5.65E-09 3.83E-09 2.28E-09 5.44E-10 2.60E-09 9.56E-10 8.10E-09 3.20E-10 3.12E-10 6.90E-10 4.72E-09 
5.46E-10 6.75E-10 3.85E-10 6.28E-10 7.94E-10 6.21E-10 3.53E-10 3.48E-10 1.64E-10 1.29E-10 8.47E-10 
3.82E-10 7.52E-10 4.71E-10 1.02E-10 9.84E-11 1.52E-10 5.50E-10 3.73E-10 4.82E-11 8.12E-11 6.72E-10 
2.33E-10 6.25E-11 7.25E-11 2.72E-11 7.20E-11 7.51E-11 3.65E-10 6.85E-11 3.75E-11 4.36E-11 9.69E-11 
1.63E-11 3.31E-11 7.87E-12 1.17E-11 1.04E-12 2.43E-11 9.09E-11 8.31E-12 5.85E-12 1.64E-11 3.38E-11 
3.68E-12 4.98E-12 4.97E-12 3.55E-12 1.19E-11 7.26E-12 7.20E-12 1.84E-12 1.34E-12 7.45E-12 1.05E-11 
5.96E-08 1.91E-07 2.62E-08 1.36E-06 1.61E-07 1.42E-07 6.54E-09 2.31E-07 3.38E-08 1.26E-07 3.31E-07 
SDV hysteresis 
3.50E-08 9.09E-07 1.44E-08 2.33E-06 1.53E-07 1.99E-07 2.53E-08 5.34E-07 2.23E-07 4.94E-07 3.18E-07 
1.63E-08 9.90E-08 2.66E-08 4.01E-07 1.05E-07 8.37E-08 3.83E-08 1.53E-07 1.21E-07 1.08E-07 1.28E-07 
3.00E-08 4.33E-08 3.55E-09 2.03E-08 4.05E-08 1.28E-08 9.89E-08 2.07E-08 3.93E-08 5.55E-09 7.56E-08 
1.05E-08 7.77E-09 2.98E-09 8.17E-09 5.28E-09 2.38E-09 2.06E-08 1.39E-08 5.98E-09 6.89E-09 1.30E-08 
5.97E-09 2.26E-09 1.52E-09 5.85E-10 2.56E-09 1.31E-09 8.29E-09 1.52E-09 1.09E-09 2.19E-09 5.26E-09 
6.03E-10 2.37E-09 4.27E-10 7.75E-10 7.56E-10 5.44E-10 5.74E-10 3.30E-10 1.07E-10 1.69E-10 9.92E-10 
3.74E-10 5.13E-10 4.68E-10 9.14E-11 9.67E-11 1.65E-10 4.93E-10 3.46E-10 4.66E-11 7.56E-11 7.24E-10 
2.30E-10 1.27E-10 6.97E-11 2.04E-11 8.71E-11 7.93E-11 3.55E-10 1.45E-10 3.62E-11 1.45E-10 1.25E-10 
1.99E-11 5.45E-11 8.65E-12 8.83E-12 3.55E-12 2.25E-11 1.00E-10 4.33E-11 1.89E-11 1.93E-11 3.61E-11 
5.78E-12 1.97E-11 4.84E-12 4.13E-12 1.26E-11 9.25E-12 7.99E-12 3.61E-12 1.69E-12 1.42E-11 8.71E-12 
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Appendix 7.3: Ni and Eu sorption to granitic materials in variable pH systems and constant metal concentration 
Concentration of Ni free ( mol dm-3)Ni sorption to granitic rocks at constant metal concentration  
GG GA BG GrG RG GG GA BG GrG RG GG GA BG GrG RG 
NaCl free 0.05 mol dm
-3
 NaCl 0.1 mol dm
-3
 NaCl 
7.83E-07 5.46E-07 2.83E-07 3.26E-07 1.4E-06 7.1E-06 6.01E-06 1.3E-07 3.1E-08 5.32E-06 1.85E-06 1.9E-06 1.95E-06 1.94E-06 1.73E-06 
3.03E-07 2.83E-07 3.16E-07 3.31E-07 7.9E-07 5.48E-06 4.48E-06 2.25E-08 3.06E-08 4.18E-06 1.95E-06 1.95E-06 1.95E-06 1.94E-06 1.85E-06 
2.86E-07 3.46E-07 2.98E-07 3.34E-07 6.31E-07 5.11E-06 3.66E-06 1.01E-08 2.58E-08 4.15E-06 1.95E-06 1.94E-06 1.95E-06 1.94E-06 1.88E-06 
2.85E-07 2.78E-07 3E-07 2.94E-07 7.05E-07 4.08E-06 2.47E-06 1.06E-08 1.1E-08 2.93E-06 1.95E-06 1.95E-06 1.95E-06 1.95E-06 1.87E-06 
3.21E-07 3.25E-07 3.24E-07 3.37E-07 4.81E-07 2.51E-06 5.56E-09 1.24E-08 1.08E-08 3.73E-06 1.95E-06 1.94E-06 1.94E-06 1.94E-06 1.91E-06 
3.09E-07 3.15E-07 3.26E-07 3.36E-07 5.15E-07 2.36E-06 7.08E-09 1.11E-08 5.56E-08 1.03E-07 1.95E-06 1.95E-06 1.94E-06 1.94E-06 1.91E-06 
3.23E-07 3.21E-07 3.19E-07 3.44E-07 3.22E-07 2.47E-08 2.15E-08 8.33E-09 4.42E-08 2.15E-08 1.95E-06 1.95E-06 1.95E-06 1.94E-06 1.95E-06 
3.05E-07 3.1E-07 3.06E-07 3.43E-07 3.32E-07 9.31E-09 9.72E-09 9.31E-09 1.06E-08 1.82E-08 1.95E-06 1.95E-06 1.95E-06 1.94E-06 1.94E-06 
1E-07 3.26E-07 3.17E-07 3.2E-07 3.41E-07 2.92E-09 1.32E-08 2.79E-08 8.06E-09 7.22E-09 1.99E-06 1.94E-06 1.95E-06 1.95E-06 1.94E-06 
3.2E-07 3.24E-07 3.25E-07 3.3E-07 3.51E-07 2.19E-08 2.46E-08 1.1E-08 1.43E-08 4.44E-09 1.95E-06 1.94E-06 1.94E-06 1.94E-06 1.94E-06 
 
 
 
Concentration of Ni bound ( mol g-1)Ni sorption to granitic rocks at constant metal concentration 
GG GA BG GrG RG GG GA BG GrG RG GG GA BG GrG RG 
NaCl free 0.05 mol dm
-3
 NaCl 0.1 mol dm
-3
 NaCl 
1.85E-06 1.9E-06 1.95E-06 1.94E-06 1.73E-06 5.84E-07 8.02E-07 1.98E-06 2E-06 9.42E-07 8.33E-07 1.15E-06 2E-06 2E-06 1.33E-06 
1.95E-06 1.95E-06 1.95E-06 1.94E-06 1.85E-06 9.08E-07 1.11E-06 2.01E-06 2E-06 1.17E-06 1.1E-06 1.34E-06 2.01E-06 2.01E-06 1.43E-06 
1.95E-06 1.94E-06 1.95E-06 1.94E-06 1.88E-06 9.82E-07 1.27E-06 2.01E-06 2E-06 1.18E-06 9.65E-07 1.24E-06 2.01E-06 2.01E-06 1.39E-06 
1.95E-06 1.95E-06 1.95E-06 1.95E-06 1.87E-06 1.19E-06 1.51E-06 2.01E-06 2.01E-06 1.42E-06 1.35E-06 1.56E-06 2.01E-06 2E-06 1.55E-06 
1.95E-06 1.94E-06 1.94E-06 1.94E-06 1.91E-06 1.51E-06 2.01E-06 2.01E-06 2.01E-06 1.26E-06 1.12E-06 1.66E-06 2.02E-06 2.01E-06 1.53E-06 
1.95E-06 1.95E-06 1.94E-06 1.94E-06 1.91E-06 1.54E-06 2.01E-06 2.01E-06 2E-06 1.99E-06 1.32E-06 1.53E-06 2.01E-06 2.01E-06 1.55E-06 
1.95E-06 1.95E-06 1.95E-06 1.94E-06 1.95E-06 2.01E-06 2.01E-06 2.01E-06 2E-06 2.01E-06 1.96E-06 2E-06 2.01E-06 2.01E-06 1.99E-06 
1.95E-06 1.95E-06 1.95E-06 1.94E-06 1.94E-06 2.01E-06 2.01E-06 2.01E-06 2.01E-06 2.01E-06 1.72E-06 1.86E-06 2.01E-06 2.01E-06 1.84E-06 
1.99E-06 1.94E-06 1.95E-06 1.95E-06 1.94E-06 2.01E-06 2.01E-06 2E-06 2.01E-06 2.01E-06 2.01E-06 2.01E-06 2.01E-06 2.01E-06 2.01E-06 
1.95E-06 1.94E-06 1.94E-06 1.94E-06 1.94E-06 2.01E-06 2.01E-06 2.01E-06 2.01E-06 2.01E-06 2.01E-06 2.01E-06 2.01E-06 2.01E-06 2.01E-06 
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SDV Concentration of Ni free  (mol dm-3) 
GG GA BG GrG RG GG GA BG GrG RG GG GA BG GrG RG 
NaCl free 0.05 mol dm
-3
 NaCl 0.1 mol dm
-3
 NaCl 
3.81E-08 4.24E-08 1.73E-08 2.55E-08 2.99E-07 3.29E-07 2.05E-07 3.49E-08 5.29E-09 1.25E-07 7.66E-09 8.52E-09 3.48E-09 5.12E-09 6.01E-08 
9.62E-10 1.15E-08 9.62E-09 2.17E-09 3.36E-07 3.35E-07 1.51E-07 2.89E-09 4.81E-09 2.67E-07 1.93E-10 2.32E-09 1.93E-09 4.35E-10 6.76E-08 
2.89E-08 2.29E-08 6.98E-09 9.14E-09 1.91E-07 2.6E-07 2.02E-07 2.41E-09 3.03E-08 3.42E-08 5.8E-09 4.59E-09 1.4E-09 1.84E-09 3.83E-08 
1.2E-08 1.71E-08 2.65E-09 1.27E-08 5.99E-08 6.97E-08 1.39E-07 1.47E-08 1.11E-08 2.44E-07 2.42E-09 3.43E-09 5.32E-10 2.56E-09 1.2E-08 
1.9E-08 1.35E-08 1.47E-08 5.05E-09 5.51E-08 1.08E-07 1.32E-08 1.92E-09 2.89E-09 3.17E-07 3.82E-09 2.71E-09 2.95E-09 1.02E-09 1.11E-08 
1.25E-08 5.77E-09 9.14E-09 4.81E-10 6.62E-08 4.88E-07 6.5E-09 1.27E-08 3.85E-08 3.8E-08 2.51E-09 1.16E-09 1.84E-09 9.67E-11 1.33E-08 
2.17E-08 2.41E-09 5.77E-09 1.66E-08 1.2E-09 1.68E-09 3.37E-09 7.22E-10 7.22E-10 4.57E-09 4.36E-09 4.84E-10 1.16E-09 3.34E-09 2.42E-10 
1.49E-08 9.62E-09 1.18E-08 1.71E-08 5.53E-09 1.2E-09 3.13E-09 7.7E-09 4.81E-09 3.85E-09 3E-09 1.93E-09 2.37E-09 3.43E-09 1.11E-09 
1.95E-07 6.78E-09 1.08E-08 1.47E-08 1.59E-08 1.52E-08 5.29E-09 1.15E-08 5.29E-09 9.14E-09 3.92E-08 1.36E-09 2.18E-09 2.95E-09 3.19E-09 
2.36E-09 7.22E-10 0 1.25E-08 2.69E-08 5.29E-09 3.61E-09 2.65E-09 4.81E-09 3.37E-09 4.74E-10 1.45E-10 0 2.51E-09 5.42E-09 
 
 
SDV concentration of Ni bound (mol g-1) 
GG GA BG GrG RG GG GA BG GrG RG GG GA BG GrG RG 
NaCl free 0.05 mol dm
-3
 NaCl 0.1 mol dm
-3
 NaCl 
7.66E-09 8.52E-09 3.48E-09 5.12E-09 6.01E-08 6.62E-08 4.13E-08 7.01E-09 1.06E-09 2.51E-08 3.24E-09 6.7E-08 4.84E-11 1.6E-09 1.25E-07 
1.93E-10 2.32E-09 1.93E-09 4.35E-10 6.76E-08 6.74E-08 3.03E-08 5.8E-10 9.67E-10 5.37E-08 1.39E-09 3.8E-08 2.32E-09 1.93E-09 1.56E-08 
5.8E-09 4.59E-09 1.4E-09 1.84E-09 3.83E-08 5.23E-08 4.06E-08 4.84E-10 6.09E-09 6.87E-09 2.6E-08 3.78E-08 6.77E-10 3.87E-10 2.66E-09 
2.42E-09 3.43E-09 5.32E-10 2.56E-09 1.2E-08 1.4E-08 2.8E-08 2.95E-09 2.22E-09 4.91E-08 7.16E-08 3.76E-08 1.16E-09 1.02E-09 2.42E-09 
3.82E-09 2.71E-09 2.95E-09 1.02E-09 1.11E-08 2.18E-08 2.66E-09 3.87E-10 5.8E-10 6.37E-08 3.4E-08 1.06E-08 9.24E-09 4.84E-11 1.26E-08 
2.51E-09 1.16E-09 1.84E-09 9.67E-11 1.33E-08 9.81E-08 1.31E-09 2.56E-09 7.74E-09 7.64E-09 9.86E-09 2.02E-08 1.26E-09 0 2.49E-08 
4.36E-09 4.84E-10 1.16E-09 3.34E-09 2.42E-10 3.38E-10 6.77E-10 1.45E-10 1.45E-10 9.19E-10 1.52E-08 4.16E-09 1.64E-09 4.84E-10 4.5E-09 
3E-09 1.93E-09 2.37E-09 3.43E-09 1.11E-09 2.42E-10 6.29E-10 1.55E-09 9.67E-10 7.74E-10 1.08E-08 8.95E-09 1.93E-10 3.19E-09 3.81E-08 
3.92E-08 1.36E-09 2.18E-09 2.95E-09 3.19E-09 3.05E-09 1.06E-09 2.32E-09 1.06E-09 1.84E-09 2.9E-10 2.42E-10 6.77E-10 4.35E-10 2.03E-09 
4.74E-10 1.45E-10 0 2.51E-09 5.42E-09 1.06E-09 7.25E-10 5.32E-10 9.67E-10 6.77E-10 2.8E-09 2.9E-10 4.26E-09 1.21E-09 3.38E-10 
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Concentration of Ni free ( mol dm-3)Ni sorption to granitic minerals at constant metal concentration 
OF,  PF OF,  PF  RQ MQ  RQ MQ  RQ MQ BM MM BM MM BM MM 
0.05 0.1 NaCl free  0.05 ( mol dm-3)  NaCl 0.1( mol dm-3) NaCl NaCl free 0.1 ( mol dm-3)  NaCl 0.05 ( mol dm-3)   NaCl 
8.75156E-06 9.25E-06 7.37E-06 9.76E-06 6.58E-06 6.56E-06 9.55E-06 9.42E-06 9.67E-06 9.21E-06 9.43E-08 4.43E-06 2.28E-07 8.69E-06 6.03E-07 8.58E-06 
6.15067E-06 7.84E-06 9.45E-06 9.48E-06 6.48E-06 6.48E-06 9.21E-06 9.5E-06 9.57E-06 9.57E-06 6.01E-08 4.03E-06 5.04E-08 6.77E-06 7.11E-08 6.98E-06 
5.10781E-06 7.37E-06 8.43E-06 8.02E-06 6.51E-06 6.61E-06 9.32E-06 9.26E-06 9.6E-06 9.57E-06 8.03E-08 2.99E-06 5.01E-08 6.1E-06 4.99E-08 5.66E-06 
4.22289E-06 5.96E-06 8.52E-06 8.29E-06 6.25E-06 6.47E-06 8.97E-06 9.32E-06 9.3E-06 9.49E-06 5.56E-08 3.01E-06 4.22E-08 5.78E-06 5.94E-08 5.56E-06 
3.61278E-06 5.95E-06 8.14E-06 6.42E-06 6.49E-06 6.4E-06 8.91E-06 9.31E-06 9.26E-06 9.45E-06 8.93E-08 2.46E-06 3.34E-08 9.64E-06 3.54E-08 5.16E-06 
4.34533E-06 5.61E-06 7.66E-06 5.33E-06 5.6E-06 1.52E-06 8.68E-06 9.09E-06 8.6E-06 8.95E-06 6.67E-08 1.31E-06 3.58E-08 5.36E-06 3.24E-08 5.04E-06 
2.62681E-06 5.13E-06 6.24E-06 5.19E-06 7.15E-09 1.23E-08 8.83E-06 9.13E-06 6.29E-06 7.07E-06 9.24E-08 1.86E-06 4.13E-08 3.16E-06 4E-08 4.38E-06 
7.18056E-07 2.09E-06 2.9E-06 2.07E-06 7.89E-09 7.44E-09 7.15E-06 7.79E-06 3.87E-06 4.45E-06 3.67E-08 3.68E-08 2.57E-08 3.07E-08 4.51E-08 3.69E-06 
2.7125E-07 2.22E-07 1.1E-06 1.15E-06 5.8E-09 3.5E-09 2.75E-07 4.03E-07 1.33E-07 2.11E-07 2.91E-08 9.28E-08 3.68E-08 3.28E-08 2.42E-08 2.78E-08 
2.27083E-07 2.45E-07 3.4E-07 2.44E-07 0 0 2.31E-07 2.78E-07 3.69E-08 1.21E-07 4.35E-08 3.2E-07 4.88E-08 2.79E-08 2.65E-08 2.85E-08 
  
 
Concentration of Ni bound ( mol g-1)Ni sorption to granitic minerals at constant metal concentration 
OF, PF OF, PF RQ MQ RQ MQ RQ MQ BM MM BM MM BM MM 
0.05( mol dm-3)  NaCl 0.1 ( mol dm-3)   NaCl  NaCl Free 0.05 ( mol dm-3)  NaCl 0.1( mol dm-3)   NaCl NaCl free 0.1( mol dm-3)   NaCl 0.05 ( mol dm-3)  NaCl 
2.51E-07 1.5E-07 5.3E-07 4.9E-08 6.87E-07 6.91E-07 9.13E-08 1.17E-07 6.67E-08 1.58E-07 1.99E-06 1.12E-06 1.96E-06 2.62E-07 1.89E-06 2.85E-07 
7.74E-07 4.35E-07 1.11E-07 1.05E-07 7.07E-07 7.07E-07 1.59E-07 9.98E-08 8.65E-08 8.6E-08 2E-06 1.2E-06 2E-06 6.49E-07 2E-06 6.07E-07 
9.83E-07 5.28E-07 3.15E-07 3.99E-07 7.02E-07 6.82E-07 1.38E-07 1.49E-07 7.97E-08 8.62E-08 1.99E-06 1.41E-06 2E-06 7.84E-07 2E-06 8.72E-07 
1.16E-06 8.11E-07 2.98E-07 3.44E-07 7.54E-07 7.09E-07 2.08E-07 1.38E-07 1.41E-07 1.02E-07 2E-06 1.41E-06 2E-06 8.49E-07 2E-06 8.92E-07 
1.28E-06 8.14E-07 3.74E-07 7.19E-07 7.05E-07 7.24E-07 2.18E-07 1.39E-07 1.49E-07 1.11E-07 1.99E-06 1.52E-06 2E-06 7.21E-08 2E-06 9.73E-07 
1.14E-06 8.82E-07 4.7E-07 9.38E-07 8.84E-07 1.71E-06 2.66E-07 1.83E-07 2.82E-07 2.1E-07 2E-06 1.75E-06 2E-06 9.33E-07 2E-06 9.98E-07 
1.48E-06 9.8E-07 7.56E-07 9.66E-07 2.01E-06 2.01E-06 2.35E-07 1.75E-07 7.46E-07 5.89E-07 1.99E-06 1.64E-06 2E-06 1.37E-06 2E-06 1.13E-06 
1.87E-06 1.59E-06 1.43E-06 1.59E-06 2.01E-06 2.01E-06 5.73E-07 4.44E-07 1.23E-06 1.12E-06 2E-06 2E-06 2E-06 2E-06 2E-06 1.27E-06 
1.96E-06 1.97E-06 1.79E-06 1.78E-06 2.01E-06 2.01E-06 1.95E-06 1.93E-06 1.98E-06 1.97E-06 2E-06 1.99E-06 2E-06 2E-06 2.01E-06 2E-06 
1.96E-06 1.96E-06 1.94E-06 1.96E-06 0 0 1.96E-06 1.95E-06 2E-06 1.99E-06 2E-06 1.95E-06 2E-06 2E-06 2E-06 2E-06 
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SDV Concentration of Ni free  (mol dm-3) 
OF, PF OF, PF RQ MQ RQ MQ RQ MQ BM MM BM MM BM MM 
0.05 ( mol dm-3)   NaCl 0.1 ( mol dm-3)   NaCl  NaCl Free 0.05 ( mol dm-3)   NaCl 0.1( mol dm-3)   NaCl NaCl free 0.1( mol dm-3)   NaCl 0.05( mol dm-3)   NaCl 
5.75E-08 2.41E-08 2.06E-06 2.94E-07 3.05E-09 9.23E-08 4.81E-08 4.46E-08 1.84E-07 9.86E-08 1.18E-08 2.20E-07 6.88E-08 4.58E-08 7.10E-08 2.50E-09 
3.95E-08 5.99E-08 1.04E-07 1.28E-07 4.14E-08 5.04E-08 4.14E-07 2.72E-08 8.91E-08 2.42E-08 2.41E-10 1.05E-07 4.33E-09 5.63E-09 6.01E-09 8.58E-08 
6.04E-08 1.39E-07 1.04E-06 5.31E-07 8.25E-08 3.45E-07 3.96E-08 8.20E-08 6.54E-09 1.61E-08 1.32E-08 6.11E-08 5.29E-09 6.07E-08 2.41E-09 1.01E-09 
1.02E-07 2.59E-07 3.34E-07 7.93E-08 5.86E-07 3.10E-08 4.55E-07 3.42E-09 6.25E-08 7.99E-08 6.74E-09 5.82E-08 4.09E-09 4.81E-09 1.20E-09 1.16E-08 
3.43E-07 2.58E-07 1.78E-07 6.57E-07 1.00E-07 8.02E-08 1.01E-07 9.80E-08 1.27E-07 1.26E-08 4.81E-10 1.06E-08 4.81E-11 7.52E-08 3.61E-09 5.25E-08 
2.93E-07 1.09E-07 6.60E-07 1.75E-06 6.54E-07 8.50E-09 2.74E-08 1.48E-07 1.34E-07 1.60E-07 1.37E-08 6.04E-08 1.01E-08 1.71E-07 1.92E-09 1.50E-07 
6.47E-08 8.87E-08 3.13E-06 2.14E-06 4.17E-10 2.73E-09 5.53E-09 2.01E-07 6.04E-07 1.94E-07 6.25E-09 1.43E-07 7.22E-10 9.12E-08 5.05E-09 3.44E-08 
4.14E-07 4.81E-08 2.86E-06 1.84E-06 8.66E-10 5.77E-10 4.47E-09 1.56E-07 3.12E-07 1.10E-07 2.89E-09 9.14E-09 1.78E-08 2.41E-09 5.53E-09 3.92E-08 
2.02E-08 5.05E-09 4.04E-07 5.81E-07 1.57E-09 5.77E-10 2.89E-09 3.13E-09 1.03E-08 1.76E-08 7.02E-09 9.94E-08 9.62E-10 6.25E-09 6.50E-09 6.01E-09 
3.03E-08 2.79E-08 6.12E-08 1.42E-08 0.00E+00 0.00E+00 2.17E-09 2.07E-08 4.81E-08 1.54E-08 2.65E-09 8.66E-08 1.44E-08 1.01E-08 6.25E-09 1.20E-09 
 
SDV concentration of Ni bound (mol g-1) 
OF PF OF PF RQ MQ RQ MQ RQ MQ BM MM BM MM BM MM 
0.05 ( mol dm-3)   NaCl 0.1 ( mol dm-3)   NaCl  NaCl Free 0.05 ( mol dm-3)   NaCl 0.1( mol dm-3)   NaCl NaCl free 0.1( mol dm-3)   NaCl 0.05 ( mol dm-3)  NaCl 
1.16E-08 4.84E-09 4.14E-07 5.91E-08 6.12E-10 1.86E-08 9.66E-09 8.96E-09 3.69E-08 1.98E-08 2.37E-09 4.41E-08 1.38E-08 9.21E-09 1.43E-08 5.03E-10 
7.95E-09 1.2E-08 2.1E-08 2.57E-08 8.33E-09 1.01E-08 8.32E-08 5.46E-09 1.79E-08 4.85E-09 4.84E-11 2.1E-08 8.7E-10 1.13E-09 1.21E-09 1.72E-08 
1.21E-08 2.8E-08 2.09E-07 1.07E-07 1.66E-08 6.94E-08 7.97E-09 1.65E-08 1.32E-09 3.24E-09 2.66E-09 1.23E-08 1.06E-09 1.22E-08 4.84E-10 2.03E-10 
2.05E-08 5.2E-08 6.7E-08 1.59E-08 1.18E-07 6.24E-09 9.15E-08 6.87E-10 1.26E-08 1.61E-08 1.35E-09 1.17E-08 8.22E-10 9.67E-10 2.42E-10 2.34E-09 
6.9E-08 5.18E-08 3.59E-08 1.32E-07 2.02E-08 1.61E-08 2.02E-08 1.97E-08 2.55E-08 2.53E-09 9.67E-11 2.13E-09 9.67E-12 1.51E-08 7.25E-10 1.06E-08 
5.9E-08 2.2E-08 1.33E-07 3.52E-07 1.31E-07 1.71E-09 5.5E-09 2.98E-08 2.7E-08 3.21E-08 2.76E-09 1.21E-08 2.03E-09 3.43E-08 3.87E-10 3.02E-08 
1.3E-08 1.78E-08 6.29E-07 4.3E-07 8.38E-11 5.48E-10 1.11E-09 4.05E-08 1.21E-07 3.91E-08 1.26E-09 2.87E-08 1.45E-10 1.83E-08 1.02E-09 6.9E-09 
8.32E-08 9.67E-09 5.74E-07 3.71E-07 1.74E-10 1.16E-10 8.99E-10 3.13E-08 6.28E-08 2.21E-08 5.8E-10 1.84E-09 3.58E-09 4.84E-10 1.11E-09 7.88E-09 
4.06E-09 1.02E-09 8.11E-08 1.17E-07 3.16E-10 1.16E-10 5.8E-10 6.29E-10 2.08E-09 3.53E-09 1.41E-09 2E-08 1.93E-10 1.26E-09 1.31E-09 1.21E-09 
6.09E-09 5.61E-09 1.23E-08 2.85E-09 
  
4.35E-10 4.16E-09 9.67E-09 3.09E-09 5.32E-10 1.74E-08 2.9E-09 2.03E-09 1.26E-09 2.42E-10 
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Concentration of Eu free ( mol dm-3)Eu sorption to granitic rocks at constant metal concentration 
0.1 ( mol dm-3)   NaCl NaCl free 0.05 ( mol dm-3)   NaCl 
GG GA BG GrG RG GG GA BG GrG RG GG GA BG GrG RG 
7.24E-08 7.86E-08 6.34E-08 4.76E-08 7.20E-08 5.98E-06 6.21E-06 3.33E-06 3.31E-06 4.00E-06 1.20E-07 1.52E-07 1.52E-07 1.23E-07 1.54E-07 
4.48E-08 6.04E-08 6.03E-08 5.08E-08 1.33E-07 4.47E-06 4.61E-06 2.06E-06 2.71E-06 2.96E-06 9.78E-08 1.02E-07 1.03E-07 1.02E-07 7.37E-08 
8.02E-08 5.68E-08 8.49E-08 7.90E-08 3.00E-07 4.08E-06 2.72E-06 1.66E-06 2.49E-06 2.62E-06 8.34E-08 7.87E-08 6.88E-08 7.39E-08 9.20E-08 
6.98E-08 8.55E-08 8.35E-08 7.74E-08 2.92E-07 3.59E-06 4.58E-06 4.97E-06 2.76E-06 2.82E-06 8.38E-08 7.92E-08 9.48E-08 7.74E-08 9.38E-08 
6.50E-08 7.44E-08 6.39E-08 5.95E-08 2.56E-07 1.84E-07 1.87E-07 1.28E-07 1.65E-07 2.11E-07 1.10E-07 6.96E-08 8.50E-08 7.89E-08 6.97E-08 
8.28E-08 7.89E-08 8.27E-08 7.58E-08 2.91E-07 1.72E-07 1.33E-07 1.67E-07 2.98E-07 6.28E-07 8.82E-08 7.32E-08 9.31E-08 6.95E-08 8.38E-08 
5.59E-08 6.89E-08 1.29E-07 1.10E-07 1.60E-07 3.62E-07 5.13E-07 2.48E-07 6.56E-07 1.50E-06 1.00E-07 9.02E-08 1.00E-07 6.05E-08 9.28E-08 
7.77E-08 1.05E-07 7.70E-08 9.96E-08 2.40E-07 8.44E-07 4.08E-07 6.04E-07 7.47E-07 1.86E-06 8.95E-08 7.52E-08 7.91E-08 7.09E-08 1.08E-07 
4.77E-08 8.52E-08 6.02E-08 6.55E-08 9.99E-08 4.37E-07 3.60E-07 3.56E-07 1.02E-06 1.54E-06 7.62E-08 1.02E-07 7.07E-08 1.00E-07 6.59E-08 
          
6.89E-08 7.36E-08 7.84E-08 7.27E-08 6.45E-08 
 
 
 
Concentration of Eu bound ( mol g-1)Eu sorption to granitic rocks at constant metal concentration 
0.1 ( mol dm-3)   NaCl NaCl free 0.05 ( mol dm-3)   NaCl 
GG GA BG GrG RG GG GA BG GrG RG GG GA BG GrG RG 
2.00E-06 1.99E-06 2.00E-06 2.00E-06 2.00E-06 8.08E-07 7.63E-07 1.34E-06 1.34E-06 1.21E-06 1.99E-06 1.98E-06 1.98E-06 1.99E-06 1.98E-06 
2.00E-06 2.00E-06 2.00E-06 2.00E-06 1.98E-06 1.11E-06 1.08E-06 1.60E-06 1.47E-06 1.42E-06 1.99E-06 1.99E-06 1.99E-06 1.99E-06 2.00E-06 
1.99E-06 2.00E-06 1.99E-06 1.99E-06 1.95E-06 1.19E-06 1.46E-06 1.68E-06 1.51E-06 1.48E-06 1.99E-06 1.99E-06 2.00E-06 2.00E-06 1.99E-06 
2.00E-06 1.99E-06 1.99E-06 1.99E-06 1.95E-06 1.29E-06 1.09E-06 1.01E-06 1.46E-06 1.44E-06 1.99E-06 1.99E-06 1.99E-06 1.99E-06 1.99E-06 
2.00E-06 2.00E-06 2.00E-06 2.00E-06 1.96E-06 1.97E-06 1.97E-06 1.98E-06 1.98E-06 1.97E-06 1.99E-06 2.00E-06 1.99E-06 1.99E-06 2.00E-06 
1.99E-06 1.99E-06 1.99E-06 1.99E-06 1.95E-06 1.98E-06 1.98E-06 1.98E-06 1.95E-06 1.88E-06 1.99E-06 2.00E-06 1.99E-06 2.00E-06 1.99E-06 
2.00E-06 2.00E-06 1.98E-06 1.99E-06 1.98E-06 1.94E-06 1.91E-06 1.96E-06 1.88E-06 1.71E-06 1.99E-06 1.99E-06 1.99E-06 2.00E-06 1.99E-06 
1.99E-06 1.99E-06 1.99E-06 1.99E-06 1.96E-06 1.84E-06 1.93E-06 1.89E-06 1.86E-06 1.64E-06 1.99E-06 1.99E-06 1.99E-06 2.00E-06 1.99E-06 
2.00E-06 1.99E-06 2.00E-06 2.00E-06 1.99E-06 1.92E-06 1.94E-06 1.94E-06 1.81E-06 1.70E-06 1.99E-06 1.99E-06 2.00E-06 1.99E-06 2.00E-06 
          
2.00E-06 2.00E-06 1.99E-06 2.00E-06 2.00E-06 
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SDV Concentration of Eu free  (mol dm-3) 
0.1 ( mol dm-3)   NaCl NaCl free 0.05 ( mol dm-3)  NaCl 
GG GA BG GrG RG GG GA BG GrG RG GG GA BG GrG RG 
7.13E-09 1.51E-08 9.80E-09 6.06E-09 1.73E-08 2.08E-07 1.40E-07 9.28E-08 1.83E-07 1.57E-07 1.25E-08 4.33E-08 3.92E-09 1.91E-08 1.53E-08 
2.69E-08 9.44E-09 9.98E-09 7.84E-09 6.68E-08 3.21E-07 2.88E-07 2.73E-08 1.28E-07 1.66E-07 1.07E-08 1.23E-08 4.63E-09 1.94E-08 2.35E-08 
1.71E-08 5.34E-10 5.34E-09 5.34E-10 5.84E-08 4.64E-07 1.19E-06 3.35E-07 1.54E-07 5.41E-07 9.98E-09 6.41E-09 2.67E-09 8.73E-09 1.05E-08 
1.43E-09 1.60E-09 1.10E-08 4.81E-09 5.17E-09 4.22E-07 6.23E-07 3.94E-07 1.03E-06 2.56E-07 6.06E-09 1.53E-08 2.33E-08 6.95E-09 1.18E-08 
1.19E-08 9.62E-09 3.21E-09 4.81E-09 2.39E-08 5.88E-09 6.06E-09 3.21E-08 3.28E-08 4.04E-08 1.18E-08 1.51E-08 1.14E-08 1.96E-09 9.09E-09 
1.09E-08 6.06E-09 9.62E-09 6.23E-09 4.56E-08 3.56E-09 3.56E-10 1.34E-08 9.80E-09 1.44E-07 8.02E-09 1.78E-10 1.62E-08 4.45E-09 1.05E-08 
2.32E-09 1.73E-08 3.06E-08 1.43E-08 1.85E-08 1.46E-08 2.19E-07 2.49E-08 2.19E-07 3.82E-07 2.37E-08 3.03E-09 8.37E-09 1.44E-08 5.52E-09 
3.08E-08 4.15E-08 1.35E-08 3.17E-08 9.05E-08 1.88E-07 2.16E-08 9.05E-08 6.16E-08 1.28E-07 6.95E-09 2.85E-09 1.51E-08 3.56E-09 2.69E-08 
3.88E-08 4.81E-09 2.67E-09 1.30E-08 5.70E-09 5.38E-08 4.47E-08 1.10E-08 2.23E-08 6.95E-08 1.60E-08 1.89E-08 1.23E-08 1.98E-08 8.73E-09 
          
1.78E-09 9.26E-09 
 
1.51E-08 1.02E-08 
 
SDV concentration of Eu bound (mol g-1) 
0.1 ( mol dm-3)   NaCl NaCl free 0.05 ( mol dm-3)   NaCl 
GG GA BG GrG RG GG GA BG GrG RG GG GA BG GrG RG 
1.43224E-09 3.04E-09 1.97E-09 1.22E-09 3.47E-09 4.18E-08 2.81E-08 1.87E-08 3.68E-08 3.17E-08 2.51E-09 8.7E-09 7.87733E-10 3.83E-09 3.08E-09 
5.40671E-09 1.9E-09 2.01E-09 1.58E-09 1.34E-08 6.46E-08 5.78E-08 5.48E-09 2.57E-08 3.33E-08 2.15E-09 2.47E-09 9.30957E-10 3.9E-09 4.73E-09 
3.43738E-09 1.07E-10 1.07E-09 1.07E-10 1.17E-08 9.33E-08 2.39E-07 6.74E-08 3.09E-08 1.09E-07 2.01E-09 1.29E-09 5.37091E-10 1.75E-09 2.11E-09 
2.86448E-10 3.22E-10 2.22E-09 9.67E-10 1.04E-09 8.48E-08 1.25E-07 7.93E-08 2.07E-07 5.15E-08 1.22E-09 3.08E-09 4.69059E-09 1.4E-09 2.36E-09 
2.39901E-09 1.93E-09 6.45E-10 9.67E-10 4.8E-09 1.18E-09 1.22E-09 6.45E-09 6.59E-09 8.13E-09 2.36E-09 3.04E-09 2.29159E-09 3.94E-10 1.83E-09 
2.18417E-09 1.22E-09 1.93E-09 1.25E-09 9.17E-09 7.16E-10 7.16E-11 2.69E-09 1.97E-09 2.9E-08 1.61E-09 3.58E-11 3.25835E-09 8.95E-10 2.11E-09 
4.65479E-10 3.47E-09 6.16E-09 2.86E-09 3.72E-09 2.94E-09 4.4E-08 5.01E-09 4.4E-08 7.67E-08 4.76E-09 6.09E-10 1.68288E-09 2.9E-09 1.11E-09 
6.19445E-09 8.34E-09 2.72E-09 6.37E-09 1.82E-08 3.79E-08 4.33E-09 1.82E-08 1.24E-08 2.56E-08 1.4E-09 5.73E-10 3.04351E-09 7.16E-10 5.41E-09 
7.80572E-09 9.67E-10 5.37E-10 2.61E-09 1.15E-09 1.08E-08 8.99E-09 2.22E-09 4.48E-09 1.4E-08 3.22E-09 3.8E-09 2.47062E-09 3.97E-09 1.75E-09 
          
3.58E-10 1.86E-09 
 
3.04E-09 2.04E-09 
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Concentration of Eu free ( mol dm-3)Eu sorption to granitic minerals at constant metal concentration 
OF PF OF PF OF PF RQ MQ RQ MQ RQ MQ BM MM BM MM BM MM 
0.05 ( mol dm-3)   
NaCl 
NaCl free 
0.1( mol dm-3)   
NaCl 
NaCl free 
0.05 ( mol dm-3)  
NaCl 
0.1 ( mol dm-3)   
NaCl 
0.05( mol dm-3)   
NaCl 
0.1( mol dm-3)   
NaCl 
NaCl free 
2.3E-06 3.5E-06 3.8E-06 5.5E-06 2.5E-06 3.2E-06 9.7E-06 9.1E-06 2.4E-06 2.6E-06 2.2E-06 2.4E-06 2.2E-07 3.1E-07 2.5E-07 8.8E-07 2.8E-06 2.8E-07 
1.6E-06 1.7E-06 2.4E-06 3.7E-06 1.3E-06 1.8E-06 9.1E-06 8.5E-06 2.7E-06 2.5E-06 2.0E-06 2.3E-06 3.4E-07 3.1E-07 1.7E-07 3.3E-07 2.5E-06 2.3E-06 
4.6E-07 1.1E-06 1.7E-06 2.0E-06 5.6E-07 1.2E-06 7.7E-06 7.5E-06 1.2E-06 2.0E-06 1.5E-06 2.5E-06 5.2E-07 8.5E-07 1.9E-07 3.8E-07 3.1E-06 2.9E-06 
3.2E-07 9.3E-07 2.2E-06 2.2E-06 4.9E-07 5.6E-07 4.8E-06 5.1E-06 1.2E-06 1.4E-06 1.6E-06 1.8E-06 1.2E-06 5.3E-07 5.0E-07 4.2E-07 2.9E-06 2.6E-06 
1.5E-07 3.3E-07 2.3E-06 2.2E-06 9.5E-08 9.2E-08 5.4E-06 3.6E-06 9.2E-07 1.2E-06 1.3E-06 1.5E-06 3.5E-07 3.6E-07 2.2E-07 2.4E-07 2.8E-06 2.3E-06 
1.6E-07 3.8E-07 2.3E-06 1.9E-06 7.3E-08 2.3E-06 2.7E-06 3.2E-06 4.3E-07 8.2E-07 1.0E-06 1.6E-06 3.0E-07 4.3E-07 2.4E-07 3.2E-07 2.6E-06 2.3E-06 
1.4E-07 2.0E-07 2.1E-06 2.4E-06 1.7E-06 2.6E-06 7.7E-06 1.3E-06 3.9E-07 9.0E-07 6.1E-07 8.1E-07 3.9E-07 3.6E-07 2.9E-07 3.0E-07 2.9E-06 2.5E-06 
1.7E-07 1.5E-07 2.4E-06 3.4E-06 2.5E-06 6.0E-07 2.5E-07 2.2E-07 2.4E-07 5.6E-07 7.2E-08 6.6E-08 4.3E-07 2.6E-07 2.1E-07 2.1E-07 2.7E-06 2.6E-06 
9.5E-08 1.1E-07 3.8E-06 3.7E-06 6.7E-07 4.3E-07 2.3E-06 1.6E-06 1.2E-07 1.2E-07 5.8E-08 6.4E-08 2.4E-07 1.6E-06 2.7E-07 2.7E-07 3.1E-06 6.1E-06 
6.3E-08 9.5E-08 4.0E-06 2.3E-06 4.6E-07 2.8E-07 2.6E-06 1.8E-06 7.1E-08 7.8E-08 3.5E-08 3.2E-08 2.9E-07 3.7E-06 2.2E-07 3.8E-07 3.6E-07 7.2E-06 
 
Concentration of Eu bound ( mol g-1)Eu sorption to granitic minerals at constant metal concentration 
OF PF OF PF OF PF RQ MQ RQ MQ RQ MQ BM MM BM MM BM MM 
0.05 ( mol dm-3)   
NaCl 
NaCl free 
0.1( mol dm-3)   
NaCl 
NaCl free 
0.05 ( mol dm-3)   
NaCl 
0.1 ( mol dm-3)   
NaCl 
0.05( mol dm-3)   
NaCl 
0.1( mol dm-3)   
NaCl 
NaCl free 
1.6E-06 1.3E-06 1.2E-06 8.9E-07 1.5E-06 1.4E-06 6.8E-08 1.7E-07 1.5E-06 1.5E-06 1.6E-06 1.5E-06 2.0E-06 1.9E-06 2.0E-06 1.8E-06 1.5E-06 2.0E-06 
1.7E-06 1.7E-06 1.5E-06 1.3E-06 1.8E-06 1.6E-06 1.9E-07 3.1E-07 1.5E-06 1.5E-06 1.6E-06 1.6E-06 1.9E-06 1.9E-06 2.0E-06 1.9E-06 1.5E-06 1.6E-06 
1.9E-06 1.8E-06 1.7E-06 1.6E-06 1.9E-06 1.8E-06 4.7E-07 5.0E-07 1.8E-06 1.6E-06 1.7E-06 1.5E-06 1.9E-06 1.8E-06 2.0E-06 1.9E-06 1.4E-06 1.4E-06 
1.9E-06 1.8E-06 1.6E-06 1.6E-06 1.9E-06 1.9E-06 1.0E-06 9.9E-07 1.8E-06 1.7E-06 1.7E-06 1.6E-06 1.8E-06 1.9E-06 1.9E-06 1.9E-06 1.4E-06 1.5E-06 
2.0E-06 1.9E-06 1.6E-06 1.6E-06 2.0E-06 2.0E-06 9.2E-07 1.3E-06 1.8E-06 1.8E-06 1.8E-06 1.7E-06 1.9E-06 1.9E-06 2.0E-06 2.0E-06 1.5E-06 1.5E-06 
2.0E-06 1.9E-06 1.5E-06 1.6E-06 2.0E-06 1.5E-06 1.5E-06 1.4E-06 1.9E-06 1.8E-06 1.8E-06 1.7E-06 1.9E-06 1.9E-06 2.0E-06 1.9E-06 1.5E-06 1.6E-06 
2.0E-06 2.0E-06 1.6E-06 1.5E-06 1.7E-06 1.5E-06 4.7E-07 1.8E-06 1.9E-06 1.8E-06 1.9E-06 1.8E-06 1.9E-06 1.9E-06 2.0E-06 2.0E-06 1.4E-06 1.5E-06 
2.0E-06 2.0E-06 1.5E-06 1.3E-06 1.5E-06 1.9E-06 2.0E-06 2.0E-06 2.0E-06 1.9E-06 2.0E-06 2.0E-06 1.9E-06 2.0E-06 2.0E-06 2.0E-06 1.5E-06 1.5E-06 
2.0E-06 2.0E-06 1.2E-06 1.3E-06 1.9E-06 1.9E-06 1.5E-06 1.7E-06 2.0E-06 2.0E-06 2.0E-06 2.0E-06 2.0E-06 1.7E-06 2.0E-06 2.0E-06 1.4E-06 7.7E-07 
2.0E-06 2.0E-06 1.2E-06 1.5E-06 1.9E-06 2.0E-06 1.5E-06 1.7E-06 2.0E-06 2.0E-06 2.0E-06 2.0E-06 2.0E-06 1.3E-06 2.0E-06 1.9E-06 1.9E-06 5.6E-07 
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SDV Concentration of Eu free  (mol dm-3) 
OF PF OF PF OF PF RQ MQ RQ MQ RQ MQ BM MM BM MM BM MM 
0.05 M NaCl NaCl free 0.1M NaCl NaCl free 0.05 M NaCl 0.1 M NaCl 0.05M NaCl 0.1M NaCl NaCl free 
2.0E-07 4.8E-07 5.8E-07 2.3E-07 4.5E-08 7.0E-07 2.6E-07 4.2E-08 1.3E-07 5.1E-07 4.3E-08 1.1E-07 2.4E-08 3.6E-08 2.2E-08 2.4E-07 3.6E-08 2.6E-08 
7.2E-07 3.4E-07 9.3E-08 1.3E-06 1.1E-08 2.9E-07 6.3E-09 1.6E-07 3.5E-07 7.3E-08 5.6E-08 2.2E-07 2.9E-08 2.0E-08 7.7E-09 2.5E-08 3.3E-07 2.0E-08 
6.8E-08 1.5E-07 1.2E-06 2.3E-07 1.8E-09 5.5E-08 1.4E-07 2.5E-07 4.2E-08 1.2E-07 6.3E-08 1.4E-07 2.8E-08 1.2E-07 2.7E-08 5.8E-09 2.8E-07 1.6E-07 
1.0E-07 5.0E-07 5.8E-08 2.3E-07 3.7E-09 7.8E-07 2.0E-07 3.3E-07 2.1E-07 1.5E-07 3.4E-08 1.2E-07 2.8E-07 2.1E-07 1.2E-07 5.8E-08 2.2E-07 1.2E-07 
9.8E-09 7.0E-09 2.8E-07 8.1E-08 1.1E-08 4.5E-09 1.2E-06 1.7E-06 3.7E-07 8.4E-08 2.5E-08 1.0E-07 6.5E-08 1.3E-08 1.7E-08 4.1E-08 2.3E-08 1.6E-07 
2.5E-08 1.8E-07 2.3E-07 1.6E-07 2.3E-08 2.0E-06 2.4E-08 1.7E-07 2.5E-08 1.4E-07 1.3E-08 1.6E-07 3.6E-08 1.9E-09 2.7E-08 1.4E-08 2.9E-07 1.3E-07 
7.4E-09 3.0E-08 4.1E-08 1.4E-07 1.4E-06 1.7E-08 3.6E-06 1.6E-06 2.3E-08 7.6E-08 2.4E-08 1.9E-08 2.2E-08 1.4E-08 4.0E-08 1.9E-09 2.4E-08 4.4E-08 
2.4E-08 2.9E-09 2.3E-07 6.2E-07 5.2E-08 5.0E-07 8.3E-08 3.9E-09 1.3E-07 1.9E-07 9.4E-10 1.4E-08 3.3E-08 6.2E-08 6.7E-09 4.8E-10 5.3E-09 2.1E-07 
1.6E-08 5.6E-09 1.6E-06 8.0E-07 3.6E-07 4.9E-07 2.8E-08 7.8E-07 2.2E-08 5.9E-09 1.8E-10 1.1E-09 2.5E-08 6.6E-07 3.4E-08 8.4E-08 1.3E-07 2.4E-07 
5.4E-09 3.2E-08 1.9E-06 4.2E-07 2.6E-07 3.1E-07 8.8E-08 1.7E-07 9.6E-09 4.1E-09 7.6E-09 1.9E-09 2.4E-09 6.1E-07 5.7E-08 1.7E-08 5.3E-09 5.2E-08 
 
 
SDV Concentration of Eu bound (mol g-1) 
OF PF OF PF OF PF RQ MQ RQ MQ RQ MQ BM MM BM MM BM MM 
0.05 M NaCl NaCl free 0.1M NaCl NaCl free 0.05 M NaCl 0.1 M NaCl 0.05M NaCl 0.1M NaCl NaCl free 
3.9E-08 9.6E-08 1.2E-07 4.7E-08 9.1E-09 1.4E-07 5.2E-08 8.5E-09 2.6E-08 1.0E-07 8.6E-09 2.2E-08 4.8E-09 7.2E-09 4.4E-09 4.8E-08 7.2E-09 5.3E-09 
1.4E-07 6.9E-08 1.9E-08 2.6E-07 2.1E-09 5.8E-08 1.3E-09 3.3E-08 7.1E-08 1.5E-08 1.1E-08 4.4E-08 5.8E-09 4.0E-09 1.5E-09 5.1E-09 6.6E-08 4.1E-09 
1.4E-08 3.0E-08 2.5E-07 4.7E-08 3.7E-10 1.1E-08 2.8E-08 5.1E-08 8.5E-09 2.4E-08 1.3E-08 2.8E-08 5.6E-09 2.3E-08 5.4E-09 1.2E-09 5.6E-08 3.1E-08 
2.0E-08 1.0E-07 1.2E-08 4.6E-08 7.3E-10 1.6E-07 4.1E-08 6.7E-08 4.2E-08 3.1E-08 6.9E-09 2.4E-08 5.7E-08 4.3E-08 2.3E-08 1.2E-08 4.5E-08 2.4E-08 
2.0E-09 1.4E-09 5.6E-08 1.6E-08 2.1E-09 9.1E-10 2.3E-07 3.5E-07 7.5E-08 1.7E-08 5.0E-09 2.0E-08 1.3E-08 2.7E-09 3.5E-09 8.3E-09 4.6E-09 3.2E-08 
5.0E-09 3.7E-08 4.6E-08 3.3E-08 4.7E-09 3.9E-07 4.8E-09 3.5E-08 5.0E-09 2.8E-08 2.6E-09 3.1E-08 7.2E-09 3.9E-10 5.5E-09 2.9E-09 5.9E-08 2.6E-08 
1.5E-09 5.9E-09 8.4E-09 2.8E-08 2.8E-07 3.3E-09 7.3E-07 3.2E-07 4.6E-09 1.5E-08 4.9E-09 3.7E-09 4.4E-09 2.8E-09 8.1E-09 3.9E-10 4.7E-09 8.8E-09 
4.8E-09 5.8E-10 4.7E-08 1.2E-07 1.0E-08 1.0E-07 1.7E-08 7.8E-10 2.7E-08 3.8E-08 1.9E-10 2.9E-09 6.7E-09 1.2E-08 1.4E-09 9.7E-11 1.1E-09 4.3E-08 
3.2E-09 1.1E-09 3.3E-07 1.6E-07 7.2E-08 9.9E-08 5.6E-09 1.6E-07 4.4E-09 1.2E-09 3.6E-11 2.2E-10 4.9E-09 1.3E-07 6.8E-09 1.7E-08 2.6E-08 4.9E-08 
1.1E-09 6.4E-09 3.9E-07 8.4E-08 5.3E-08 6.3E-08 1.8E-08 3.4E-08 1.9E-09 8.3E-10 1.5E-09 3.8E-10 4.8E-10 1.2E-07 1.1E-08 3.5E-09 1.1E-09 1.0E-08 
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Appendix 7.4 Kinetic sorption data for Eu sorption to granitic rocks in different carbonate systems and constant 
metal concentration 
Mean concentration of Eu free  (mol dm-3) 
carbonate free system  High carbonate system Low  carbonate system 
BG GrG RG RQ OF MM BG GrG RG RQ OF MM BG GrG RG RQ OF MM 
1.81E-07 3.25E-07 4.41E-07 8.22E-06 9.90E-07 2.67E-06 1.22E-06 2.36E-06 2.77E-06 6.58E-06 6.15E-06 3.37E-06 3.19E-07 5.67E-07 1.22E-06 3.12E-06 1.49E-06 3.07E-06 
1.17E-07 3.25E-07 3.17E-07 8.38E-06 7.19E-07 4.92E-07 8.75E-07 2.01E-06 2.46E-06 6.04E-06 5.67E-06 2.56E-06 1.74E-07 5.15E-07 8.52E-07 2.15E-06 1.06E-06 1.64E-06 
6.58E-08 1.33E-07 1.14E-07 8.35E-06 4.36E-07 1.53E-07 4.48E-07 1.30E-06 1.34E-06 5.14E-06 4.33E-06 2.18E-06 9.10E-08 2.77E-07 2.58E-07 1.18E-06 8.32E-07 1.24E-06 
5.76E-08 1.17E-07 8.70E-08 8.46E-06 3.01E-07 1.09E-07 3.31E-07 8.59E-07 7.66E-07 3.74E-06 3.40E-06 1.61E-06 7.41E-08 1.83E-07 1.18E-07 8.87E-07 6.59E-07 5.87E-07 
1.39E-07 1.12E-07 6.11E-08 8.42E-06 2.88E-07 9.53E-08 2.25E-07 7.54E-07 5.94E-07 3.84E-06 1.40E-06 1.56E-06 7.01E-08 1.52E-07 9.57E-08 8.13E-07 3.87E-07 5.78E-07 
5.01E-08 1.12E-07 7.22E-08 8.30E-06 2.70E-07 8.02E-08 2.91E-07 6.68E-07 4.97E-07 3.17E-06 1.09E-06 1.13E-06 6.76E-08 1.31E-07 8.47E-08 7.53E-07 5.56E-07 2.29E-07 
6.50E-08 1.05E-07 7.06E-08 8.48E-06 2.11E-07 7.19E-08 2.56E-07 5.60E-07 3.66E-07 2.34E-06 8.94E-07 9.41E-07 6.79E-08 1.12E-07 9.03E-08 6.51E-07 4.59E-07 1.30E-07 
1.14E-07 1.54E-07 1.96E-07 8.63E-06 1.91E-07 7.99E-08 3.37E-07 6.36E-07 3.73E-07 1.40E-06 1.13E-06 8.80E-07 2.06E-07 2.17E-07 5.96E-07 7.96E-08 4.53E-07 1.94E-07 
 
Mean concentration of Eu bound (mol g-1) 
carbonate  free system High carbonate system Low  carbonate system 
BG GrG RG RQ OF MM BG GrG RG RQ OF MM BG GrG RG RQ OF MM 
7.88E-06 7.76E-06 7.67E-06 1.42E-06 7.23E-06 5.88E-06 7.04E-06 6.12E-06 5.80E-06 2.74E-06 3.09E-06 5.32E-06 7.76E-06 7.57E-06 7.04E-06 5.52E-06 6.82E-06 5.56E-06 
7.73E-06 7.57E-06 7.57E-06 1.27E-06 7.26E-06 7.43E-06 7.14E-06 6.24E-06 5.90E-06 3.10E-06 3.39E-06 5.82E-06 7.68E-06 7.42E-06 7.15E-06 6.14E-06 6.99E-06 6.54E-06 
7.57E-06 7.52E-06 7.53E-06 1.26E-06 7.29E-06 7.50E-06 7.28E-06 6.63E-06 6.60E-06 3.70E-06 4.32E-06 5.96E-06 7.55E-06 7.41E-06 7.42E-06 6.72E-06 6.99E-06 6.67E-06 
7.38E-06 7.33E-06 7.36E-06 1.14E-06 7.20E-06 7.34E-06 7.17E-06 6.78E-06 6.85E-06 4.65E-06 4.90E-06 6.22E-06 7.36E-06 7.28E-06 7.33E-06 6.76E-06 6.93E-06 6.98E-06 
7.12E-06 7.14E-06 7.18E-06 1.14E-06 7.01E-06 7.15E-06 7.06E-06 6.68E-06 6.79E-06 4.45E-06 6.21E-06 6.10E-06 7.17E-06 7.11E-06 7.15E-06 6.63E-06 6.94E-06 6.80E-06 
6.98E-06 6.94E-06 6.97E-06 1.20E-06 6.83E-06 6.96E-06 6.82E-06 6.55E-06 6.67E-06 4.80E-06 6.26E-06 6.22E-06 6.97E-06 6.93E-06 6.96E-06 6.49E-06 6.63E-06 6.86E-06 
6.78E-06 6.75E-06 6.77E-06 1.04E-06 6.68E-06 6.77E-06 6.65E-06 6.44E-06 6.57E-06 5.22E-06 6.21E-06 6.18E-06 6.77E-06 6.74E-06 6.76E-06 6.38E-06 6.51E-06 6.73E-06 
6.54E-06 6.52E-06 6.49E-06 9.06E-07 6.49E-06 6.57E-06 6.40E-06 6.20E-06 6.37E-06 5.70E-06 5.87E-06 6.04E-06 6.48E-06 6.48E-06 6.23E-06 6.57E-06 6.32E-06 6.49E-06 
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SDV Eu free (mol dm-3) 
carbonate  free system High carbonate system Low  carbonate system 
BG GrG RG RQ OF MM BG GrG RG RQ OF MM BG GrG RG RQ OF MM 
2.58E-08 3.70E-08 1.27E-07 1.68E-07 1.43E-07 1.02E-06 9.33E-08 4.27E-08 1.94E-07 4.68E-08 1.90E-07 2.32E-07 3.64E-08 6.45E-09 3.45E-07 8.86E-08 1.19E-07 9.32E-07 
2.45E-08 1.51E-08 2.59E-08 5.42E-08 4.96E-08 4.90E-08 6.16E-08 6.56E-08 7.42E-08 1.99E-07 1.16E-07 4.55E-08 1.46E-08 6.71E-08 6.29E-08 2.40E-07 8.05E-08 3.29E-07 
9.69E-10 1.21E-08 1.26E-09 1.92E-07 9.60E-08 2.10E-08 3.79E-08 2.50E-08 5.79E-08 1.12E-07 8.99E-07 1.34E-07 1.24E-08 1.42E-08 1.33E-08 1.25E-07 6.82E-08 1.74E-07 
1.17E-08 3.12E-08 1.94E-08 2.50E-07 6.49E-08 1.68E-09 1.55E-08 3.29E-08 1.44E-08 9.65E-07 4.93E-07 4.40E-08 1.23E-08 1.52E-08 1.18E-08 3.93E-08 4.08E-08 6.76E-08 
1.48E-07 7.17E-09 2.14E-08 1.81E-07 4.12E-08 1.24E-08 1.37E-07 3.77E-08 3.43E-08 1.39E-07 1.33E-08 3.83E-07 3.78E-08 1.01E-08 1.39E-08 1.97E-08 2.88E-08 5.89E-08 
1.62E-08 1.78E-09 2.40E-08 7.34E-08 1.04E-08 2.05E-08 3.02E-08 2.52E-08 3.75E-08 3.17E-07 1.24E-07 1.63E-08 4.37E-09 1.90E-08 2.34E-09 5.06E-08 3.42E-08 3.39E-08 
1.63E-08 6.55E-09 1.00E-08 1.03E-07 3.57E-08 9.41E-09 1.13E-08 4.04E-08 2.58E-08 2.84E-07 9.15E-08 5.35E-08 9.52E-09 1.91E-08 1.91E-08 5.08E-08 3.30E-08 2.32E-08 
8.10E-09 2.35E-08 2.14E-08 2.32E-07 3.05E-08 1.75E-08 3.11E-08 2.22E-08 4.46E-08 3.83E-07 3.21E-07 3.10E-08 1.11E-07 7.56E-09 5.18E-08 1.85E-08 1.33E-08 1.83E-08 
 
SDV Bound (mol g-1) 
carbonate  free system High carbonate system Low  carbonate system 
BG GrG RG RQ OF MM BG GrG RG RQ OF MM BG GrG RG RQ OF MM 
2.07E-08 2.97E-08 1.02E-07 1.60E-07 1.15E-07 8.17E-07 7.49E-08 3.43E-08 1.55E-07 3.75E-08 1.52E-07 1.86E-07 2.92E-08 5.17E-09 2.77E-07 7.10E-08 9.52E-08 7.47E-07 
1.92E-08 1.18E-08 2.03E-08 4.23E-08 3.88E-08 3.83E-08 4.81E-08 5.13E-08 5.80E-08 1.56E-07 9.04E-08 3.56E-08 1.14E-08 5.24E-08 4.92E-08 1.88E-07 6.30E-08 2.57E-07 
7.38E-10 9.26E-09 9.63E-10 1.46E-07 7.32E-08 1.60E-08 2.89E-08 1.91E-08 4.41E-08 5.00E-07 6.85E-07 1.02E-07 9.41E-09 1.08E-08 1.01E-08 9.50E-08 5.20E-08 1.33E-07 
8.70E-09 2.32E-08 1.44E-08 1.85E-07 4.81E-08 1.24E-09 1.15E-08 2.44E-08 1.07E-08 7.16E-07 3.66E-07 3.26E-08 9.10E-09 1.13E-08 8.72E-09 4.00E-07 3.03E-08 5.02E-08 
1.07E-07 5.18E-09 1.55E-08 1.31E-07 2.97E-08 8.94E-09 9.88E-08 2.72E-08 3.00E-08 6.00E-08 9.58E-09 2.76E-07 2.73E-08 7.31E-09 1.01E-08 1.42E-08 2.08E-08 4.00E-07 
1.14E-08 1.25E-09 1.68E-08 5.15E-08 7.32E-09 1.44E-08 2.12E-08 1.77E-08 2.63E-08 2.23E-07 8.69E-08 1.14E-08 3.07E-09 1.34E-08 1.64E-09 3.55E-08 2.40E-08 2.38E-08 
1.11E-08 4.47E-09 6.82E-09 7.05E-08 2.44E-08 6.42E-09 7.71E-09 2.75E-08 1.76E-08 1.93E-07 6.24E-08 3.65E-08 6.49E-09 1.30E-08 1.30E-08 3.47E-08 2.25E-08 1.58E-08 
5.36E-09 1.56E-08 1.42E-08 1.54E-07 2.02E-08 1.16E-08 2.06E-08 1.47E-08 2.95E-08 2.53E-07 2.13E-07 2.05E-08 7.36E-08 5.01E-09 3.43E-08 1.23E-08 8.78E-09 1.21E-08 
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Appendix 7.5: Sorption data for Ni and Eu sorption to granitic rocks and minerals in single and mixed systems. 
Sorption at constant pH 
 
Eu and Ni sorption to granitic rocks and minerals 
Mean Free Eu mix system (mol dm-3) 
 
Mean Free Eu single system (mol dm-3) 
GA GrG RG RQ OF BM 
 
GA GrG RG RQ OF BM 
1.12E-06 7.83E-07 1.03E-06 4.73E-06 4.26E-06 2.58E-07 
 
3.68E-07 3.42E-07 5.95E-07 4.27E-06 2.13E-06 2.19E-07 
1.86E-08 1.69E-08 1.67E-08 4.48E-07 3.99E-07 1.83E-08 
 
1.68E-08 3.56E-08 2.69E-08 2.35E-07 2.93E-08 2.35E-08 
1.71E-09 1.73E-09 1.74E-09 4.42E-08 3.32E-08 1.91E-09 
 
1.94E-09 5.15E-09 3E-09 3.34E-09 3.35E-09 2.23E-09 
1.76E-10 1.67E-10 1.67E-10 4.59E-09 3.59E-09 1.87E-10 
 
1.81E-10 4E-10 2.89E-10 4.25E-10 4.29E-10 2.29E-10 
1.72E-11 1.71E-11 1.72E-11 4.03E-10 3.63E-10 1.95E-11 
 
1.9E-11 5.73E-11 3.13E-11 3.29E-11 4.1E-11 3.08E-11 
1.69E-12 1.98E-12 1.91E-12 4.2E-11 3.67E-11 2.02E-12 
 
1.82E-12 5.87E-12 3.1E-12 2.83E-12 4.37E-12 2.7E-12 
1.69E-13 1.74E-13 1.88E-13 4.38E-12 3.27E-12 1.85E-13 
 
1.87E-13 5.94E-13 3.15E-13 2.74E-13 4.5E-13 2.74E-13 
1.66E-14 1.7E-14 1.79E-14 4.38E-13 3.39E-13 1.87E-14 
 
1.88E-14 5.71E-14 3.37E-14 3E-14 4.36E-14 2.87E-14 
1.71E-15 1.66E-15 1.76E-15 4.27E-14 3.52E-14 2.16E-15 
 
1.9E-15 5.25E-15 2.99E-15 3.58E-15 4.81E-15 2.51E-15 
1.69E-16 1.63E-16 1.73E-16 4.23E-15 3.62E-15 1.91E-16 
 
2.61E-16 4.35E-16 3.18E-16 3.39E-16 3.71E-16 2.5E-16 
 Mean Free Ni- Mix system (mol dm-3) 
 
Mean Free  Ni Single system ((mol dm-3) 
4.58E-06 4.27E-06 4.13E-06 4.74E-06 4.66E-06 1.67E-06 
 
3.65E-06 1.5E-06 2.76E-06 4.52E-06 4.55E-06 5.8E-07 
3.28E-07 8.88E-08 1.27E-07 4.54E-07 4.71E-07 4.7E-09 
 
3.29E-07 3.34E-08 1.64E-07 4.49E-07 4.5E-07 8.58E-09 
2.77E-08 6.32E-09 4.91E-09 4.41E-08 4.51E-08 1.41E-09 
 
2.98E-08 3.88E-09 9.16E-09 4.54E-08 4.38E-08 7.87E-10 
2.7E-09 5.68E-10 4.7E-10 4.56E-09 4.8E-09 1.05E-10 
 
2.8E-09 3.26E-10 8.46E-10 4.53E-09 4.39E-09 1E-10 
2.78E-10 4.39E-11 3.96E-11 4.32E-10 4.61E-10 1.65E-11 
 
2.79E-10 2.68E-11 7.73E-11 4.5E-10 4.53E-10 8.12E-12 
2.78E-11 4.95E-12 3.21E-12 4.46E-11 4.88E-11 1.41E-12 
 
3.06E-11 3.65E-12 1.02E-11 4.55E-11 4.41E-11 1.3E-12 
2.8E-12 4.08E-13 3.47E-13 4.57E-12 4.74E-12 1.25E-13 
 
2.82E-12 3.11E-13 1.04E-12 4.54E-12 4.52E-12 1.68E-13 
2.8E-13 3.61E-14 2.94E-14 4.6E-13 4.74E-13 1.2E-14 
 
3.13E-13 3.05E-14 5.16E-14 4.48E-13 4.26E-13 1.5E-14 
2.75E-14 4.69E-15 2.92E-15 4.57E-14 4.8E-14 9.11E-16 
 
2.9E-14 2.85E-15 1.03E-14 4.51E-14 4.42E-14 1.51E-15 
2.64E-15 3.46E-16 2.73E-16 4.46E-15 4.75E-15 1.34E-16 
 
2.84E-15 2.32E-16 6.53E-16 4.48E-15 4.46E-15 1.07E-16 
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Eu and Ni sorption to granitic rocks and minerals 
Mean bound Eu mix system (mol g-1) 
 
Mean bound Eu single system (mol g-1) 
GA GrG RG RQ OF BM 
 
GA GrG RG RQ OF BM 
3.11E-05 3.38E-05 3.19E-05 2.14E-06 5.92E-06 3.80E-05 
 
3.71E-05 3.74E-05 3.53E-05 5.84E-06 2.30E-05 3.83E-05 
3.86E-06 3.87E-06 3.88E-06 4.16E-07 8.12E-07 3.86E-06 
 
3.88E-06 3.72E-06 3.79E-06 2.13E-06 3.78E-06 3.82E-06 
3.87E-07 3.87E-07 3.87E-07 4.67E-08 1.35E-07 3.86E-07 
 
3.85E-07 3.60E-07 3.77E-07 3.74E-07 3.74E-07 3.83E-07 
3.87E-08 3.88E-08 3.88E-08 3.30E-09 1.13E-08 3.86E-08 
 
3.86E-08 3.69E-08 3.78E-08 3.67E-08 3.67E-08 3.83E-08 
3.87E-09 3.87E-09 3.87E-09 7.78E-10 1.10E-09 3.85E-09 
 
3.86E-09 3.55E-09 3.76E-09 3.75E-09 3.68E-09 3.76E-09 
3.87E-10 3.85E-10 3.86E-10 6.45E-11 1.07E-10 3.85E-10 
 
3.86E-10 3.54E-10 3.76E-10 3.78E-10 3.66E-10 3.79E-10 
3.87E-11 3.87E-11 3.86E-11 4.95E-12 1.39E-11 3.86E-11 
 
3.86E-11 3.53E-11 3.76E-11 3.79E-11 3.65E-11 3.79E-11 
3.88E-12 3.87E-12 3.87E-12 4.95E-13 1.29E-12 3.86E-12 
 
3.86E-12 3.55E-12 3.74E-12 3.77E-12 3.66E-12 3.78E-12 
3.87E-13 3.88E-13 3.87E-13 5.83E-14 1.18E-13 3.84E-13 
 
3.86E-13 3.59E-13 3.77E-13 3.72E-13 3.62E-13 3.81E-13 
3.87E-14 3.88E-14 3.87E-14 6.16E-15 1.11E-14 3.86E-14 
 
3.80E-14 3.66E-14 3.76E-14 3.74E-14 3.71E-14 3.81E-14 
Mean bound Ni mix system (mol g-1) 
 
Mean bound Ni single system (mol g-1) 
3.33E-06 5.84E-06 6.98E-06 2.09E-06 2.77E-06 2.67E-05 
 
1.08E-05 2.80E-05 1.80E-05 3.82E-06 3.59E-06 3.55E-05 
1.38E-06 3.30E-06 2.99E-06 3.69E-07 2.29E-07 3.97E-06 
 
1.37E-06 3.74E-06 2.69E-06 4.07E-07 3.97E-07 3.94E-06 
1.79E-07 3.50E-07 3.62E-07 4.73E-08 3.90E-08 3.90E-07 
 
1.62E-07 3.70E-07 3.28E-07 3.69E-08 4.97E-08 3.95E-07 
1.84E-08 3.55E-08 3.63E-08 3.53E-09 1.64E-09 3.93E-08 
 
1.76E-08 3.75E-08 3.33E-08 3.77E-09 4.92E-09 3.93E-08 
1.78E-09 3.66E-09 3.69E-09 5.44E-10 3.10E-10 3.88E-09 
 
1.77E-09 3.80E-09 3.39E-09 3.99E-10 3.76E-10 3.94E-09 
1.78E-10 3.61E-10 3.75E-10 4.31E-11 9.37E-12 3.90E-10 
 
1.56E-10 3.72E-10 3.19E-10 3.64E-11 4.76E-11 3.91E-10 
1.76E-11 3.68E-11 3.73E-11 3.41E-12 3.38E-12 3.91E-11 
 
1.75E-11 3.76E-11 3.18E-11 3.73E-12 3.86E-12 3.88E-11 
1.76E-12 3.72E-12 3.77E-12 3.21E-13 2.07E-13 3.91E-12 
 
1.50E-12 3.77E-12 3.60E-12 4.20E-13 5.93E-13 3.89E-12 
1.80E-13 3.63E-13 3.78E-13 3.47E-14 1.60E-14 3.94E-13 
 
1.68E-13 3.78E-13 3.19E-13 3.96E-14 4.68E-14 3.89E-13 
1.90E-14 3.73E-14 3.79E-14 4.30E-15 2.01E-15 3.90E-14 
 
1.73E-14 3.82E-14 3.49E-14 4.18E-15 4.30E-15 3.92E-14 
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Eu and Ni sorption to granitic rocks and minerals 
Mean Rd mix system (cm
3
 g-1) 
 
Mean Rd single system (cm
3
 g-1) 
GA GrG RG RQ OF BM 
 
GA GrG RG RQ OF 
2.77E+01 4.32E+01 3.11E+01 4.56E-01 1.43E+00 1.47E+02 
 
1.01E+02 1.09E+02 5.95E+01 1.38E+00 1.08E+01 
2.08E+02 2.29E+02 2.32E+02 9.33E-01 2.04E+00 2.11E+02 
 
2.31E+02 1.05E+02 1.41E+02 9.04E+00 1.29E+02 
2.27E+02 2.24E+02 2.23E+02 1.06E+00 4.07E+00 2.02E+02 
 
1.98E+02 6.99E+01 1.26E+02 1.12E+02 1.12E+02 
2.20E+02 2.32E+02 2.32E+02 7.22E-01 3.14E+00 2.07E+02 
 
2.14E+02 9.22E+01 1.31E+02 8.64E+01 8.54E+01 
2.26E+02 2.27E+02 2.25E+02 2.02E+00 3.02E+00 1.98E+02 
 
2.03E+02 6.20E+01 1.20E+02 1.14E+02 8.98E+01 
2.29E+02 1.94E+02 2.02E+02 1.56E+00 2.93E+00 1.91E+02 
 
2.12E+02 6.04E+01 1.21E+02 1.34E+02 8.37E+01 
2.29E+02 2.22E+02 2.05E+02 1.13E+00 4.25E+00 2.09E+02 
 
2.06E+02 5.95E+01 1.19E+02 1.38E+02 8.12E+01 
2.33E+02 2.28E+02 2.16E+02 1.13E+00 3.80E+00 2.07E+02 
 
2.05E+02 6.22E+01 1.11E+02 1.25E+02 8.39E+01 
2.26E+02 2.34E+02 2.20E+02 1.37E+00 3.36E+00 1.78E+02 
 
2.03E+02 6.83E+01 1.26E+02 1.04E+02 7.54E+01 
2.29E+02 2.38E+02 2.24E+02 1.46E+00 3.06E+00 2.02E+02 
 
1.54E+02 8.43E+01 1.18E+02 1.10E+02 1.00E+02 
Mean Rd mix system (cm
3
 g-1) 
 
Mean Rd single system (cm
3
 g-1) 
7.27E-01 1.37E+00 1.69E+00 4.43E-01 5.97E-01 1.61E+01 
 
2.97E+00 1.86E+01 6.53E+00 8.45E-01 7.91E-01 
4.20E+00 3.71E+01 2.36E+01 8.19E-01 4.88E-01 8.46E+02 
 
4.18E+00 1.12E+02 1.64E+01 9.06E-01 8.83E-01 
6.46E+00 5.54E+01 7.37E+01 1.08E+00 8.65E-01 3.89E+02 
 
5.45E+00 9.54E+01 3.57E+01 8.13E-01 1.14E+00 
6.81E+00 6.26E+01 7.74E+01 7.79E-01 3.57E-01 3.73E+02 
 
6.29E+00 1.15E+02 3.94E+01 8.33E-01 1.12E+00 
6.39E+00 8.37E+01 9.33E+01 1.26E+00 6.74E-01 2.35E+02 
 
6.35E+00 1.42E+02 4.38E+01 8.87E-01 8.29E-01 
6.40E+00 7.30E+01 1.17E+02 9.82E-01 1.95E-01 2.77E+02 
 
5.09E+00 1.02E+02 3.14E+01 8.00E-01 1.08E+00 
6.31E+00 9.03E+01 1.07E+02 7.48E-01 7.14E-01 3.12E+02 
 
6.19E+00 1.21E+02 3.06E+01 8.22E-01 8.55E-01 
6.28E+00 1.03E+02 1.28E+02 6.98E-01 4.50E-01 3.26E+02 
 
4.80E+00 1.24E+02 6.97E+01 9.39E-01 1.39E+00 
6.56E+00 7.81E+01 1.29E+02 7.59E-01 3.33E-01 4.32E+02 
 
5.79E+00 1.33E+02 3.10E+01 8.79E-01 1.06E+00 
7.19E+00 1.08E+02 1.39E+02 9.64E-01 4.25E-01 2.92E+02 
 
6.10E+00 1.64E+02 5.34E+01 9.36E-01 9.63E-01 
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Eu and Ni sorption to granitic rocks and minerals 
SDV Mean Free Eu mix system (mol dm-3) 
 
SDV Mean Free Eu single system (mol dm-3) 
GA GrG RG RQ OF BM 
 
GA GrG RG RQ OF BM 
4.14E-08 6.86E-09 2.81E-08 1.24E-07 3.26E-07 3.31E-09 
 
1.94E-09 4.63E-09 1.52E-08 2.03E-07 6.17E-08 9.90E-09 
3.51E-10 6.41E-10 7.95E-10 1.07E-08 5.03E-09 2.75E-10 
 
4.91E-10 2.97E-10 4.41E-10 5.00E-10 5.63E-10 5.94E-11 
4.61E-11 4.76E-11 4.31E-11 1.15E-09 5.77E-10 5.38E-11 
 
8.50E-11 2.31E-10 7.18E-11 5.41E-11 5.60E-11 1.13E-11 
2.31E-12 2.12E-12 1.53E-12 1.04E-10 3.85E-11 5.59E-12 
 
4.73E-12 2.51E-12 6.88E-12 6.68E-12 5.13E-12 5.72E-12 
4.14E-13 1.65E-13 4.06E-13 4.44E-11 6.81E-12 4.92E-13 
 
2.32E-13 1.52E-12 6.51E-13 6.91E-13 5.24E-13 1.17E-12 
1.63E-14 4.61E-15 2.73E-14 2.68E-12 1.21E-12 3.99E-14 
 
5.63E-14 2.19E-13 5.05E-14 7.91E-14 4.78E-14 6.06E-14 
2.85E-15 1.57E-15 3.41E-15 4.85E-14 4.89E-14 5.63E-15 
 
9.10E-15 8.13E-15 4.94E-15 2.95E-15 1.35E-14 4.44E-15 
3.94E-16 2.41E-16 4.08E-16 2.26E-15 2.38E-15 5.09E-16 
 
1.35E-16 1.38E-15 9.44E-17 6.07E-16 6.97E-16 3.24E-16 
3.35E-17 1.78E-17 3.25E-17 1.58E-15 6.90E-16 8.93E-17 
 
2.45E-17 8.51E-17 1.22E-16 1.70E-16 3.61E-17 6.08E-17 
4.30E-18 2.86E-18 1.41E-18 8.24E-17 4.74E-17 1.34E-18 
 
6.72E-17 1.05E-17 1.10E-17 1.01E-17 1.18E-17 5.02E-18 
SDV Mean Free Ni mix system (mol dm-3) 
 
SDV Mean Free Ni single system (mol dm-3) 
3.55E-08 9.22E-08 4.85E-08 6.86E-08 9.17E-08 1.82E-08 
 
1.81E-08 1.81E-08 7.44E-08 6.36E-08 8.57E-08 4.79E-09 
2.53E-09 2.46E-09 3.77E-09 1.63E-08 6.69E-09 1.25E-10 
 
4.71E-09 2.33E-10 2.26E-09 3.57E-09 3.75E-09 1.20E-10 
6.81E-10 2.99E-11 5.51E-11 1.31E-09 4.28E-10 1.10E-09 
 
9.27E-11 4.50E-11 4.94E-11 2.25E-10 8.72E-10 1.05E-10 
7.19E-12 7.25E-12 6.82E-12 1.20E-10 2.47E-10 1.82E-12 
 
1.44E-11 4.74E-12 1.05E-11 2.69E-11 4.38E-11 1.67E-12 
4.15E-12 3.73E-12 4.17E-13 6.28E-12 1.03E-11 1.39E-13 
 
1.23E-12 8.80E-13 7.92E-14 2.25E-12 3.58E-12 7.75E-14 
4.25E-13 1.89E-14 4.37E-14 2.22E-12 1.05E-12 1.66E-14 
 
7.56E-13 1.55E-13 2.45E-13 2.98E-13 6.93E-13 5.74E-14 
7.04E-14 1.94E-15 3.64E-15 8.75E-14 2.70E-13 1.74E-15 
 
1.97E-14 1.34E-14 2.00E-14 1.26E-14 2.64E-14 1.27E-15 
2.63E-15 2.41E-16 7.33E-16 4.32E-15 2.25E-14 1.31E-17 
 
3.61E-16 5.67E-17 6.70E-16 6.28E-15 3.47E-15 9.40E-17 
1.49E-16 4.71E-16 2.78E-17 3.40E-16 5.27E-16 2.23E-17 
 
1.70E-16 3.17E-17 5.94E-17 1.18E-16 8.66E-17 3.04E-17 
2.02E-17 1.16E-17 6.30E-18 4.47E-17 6.80E-17 9.84E-18 
 
8.18E-17 1.73E-18 5.40E-18 7.99E-17 2.49E-17 2.84E-18 
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Eu and Ni sorption to granitic rocks and minerals 
SDV Mean bound Eu mix system (mol g-1) 
 
SDV Mean bound Eu single system (mol g-1) 
GA GrG RG RQ OF BM 
 
GA GrG RG RQ OF BM 
8.32E-06 5.50E-08 2.25E-07 9.97E-07 2.61E-06 2.65E-08 
 
1.56E-08 3.72E-08 1.22E-07 1.63E-06 4.94E-07 7.94E-08 
2.82E-09 5.14E-09 6.38E-09 8.57E-08 4.03E-08 2.21E-09 
 
3.94E-09 2.38E-09 3.54E-09 4.01E-09 4.51E-09 4.76E-10 
3.69E-10 3.82E-10 3.46E-10 9.25E-09 4.63E-09 4.31E-10 
 
6.82E-10 1.85E-09 5.76E-10 4.34E-10 4.49E-10 9.10E-11 
1.85E-11 1.70E-11 1.23E-11 8.34E-10 3.09E-10 4.49E-11 
 
3.80E-11 2.02E-11 5.52E-11 5.36E-11 4.11E-11 4.59E-11 
3.32E-12 1.32E-12 3.26E-12 3.56E-10 5.46E-11 3.95E-12 
 
1.86E-12 1.22E-11 5.22E-12 5.54E-12 4.20E-12 9.42E-12 
1.31E-13 3.69E-14 2.19E-13 2.15E-11 9.71E-12 3.20E-13 
 
4.51E-13 1.76E-12 4.05E-13 6.35E-13 3.84E-13 4.86E-13 
2.28E-14 1.26E-14 2.73E-14 3.89E-13 3.92E-13 4.52E-14 
 
7.30E-14 6.52E-14 3.96E-14 2.37E-14 1.08E-13 3.56E-14 
3.16E-15 1.93E-15 3.27E-15 1.81E-14 1.90E-14 4.08E-15 
 
1.09E-15 1.10E-14 7.57E-16 4.87E-15 5.59E-15 2.60E-15 
2.69E-16 1.43E-16 2.61E-16 1.27E-14 5.53E-15 7.16E-16 
 
1.97E-16 6.83E-16 9.77E-16 1.36E-15 2.89E-16 4.88E-16 
3.45E-17 2.29E-17 1.13E-17 6.61E-16 3.80E-16 1.07E-17 
 
5.39E-16 8.43E-17 8.84E-17 8.10E-17 9.47E-17 4.03E-17 
SDV Mean bound Ni mix system (mol g-1) 
 
SDV Mean bound Ni single system (mol g-1) 
2.85E-07 7.39E-07 3.89E-07 5.50E-07 7.35E-07 1.46E-07 
 
1.45E-07 1.45E-07 5.97E-07 5.10E-07 6.87E-07 3.84E-08 
2.03E-08 1.97E-08 3.02E-08 1.30E-07 5.36E-08 1.00E-09 
 
3.77E-08 1.87E-09 1.81E-08 2.86E-08 3.00E-08 9.66E-10 
5.46E-09 2.39E-10 4.42E-10 1.05E-08 3.43E-09 8.82E-09 
 
7.44E-10 3.61E-10 3.96E-10 1.81E-09 6.99E-09 8.41E-10 
5.77E-11 5.82E-11 5.47E-11 9.62E-10 1.10E-09 1.46E-11 
 
1.16E-10 3.80E-11 8.41E-11 2.16E-10 3.51E-10 1.34E-11 
3.33E-11 2.99E-11 3.34E-12 5.04E-11 8.27E-11 1.11E-12 
 
9.88E-12 7.06E-12 6.35E-13 1.81E-11 2.87E-11 6.21E-13 
3.41E-12 1.51E-13 3.50E-13 1.78E-11 8.41E-12 1.33E-13 
 
6.06E-12 1.24E-12 1.96E-12 2.39E-12 5.56E-12 4.60E-13 
5.64E-13 1.55E-14 2.92E-14 7.02E-13 1.11E-13 1.40E-14 
 
1.58E-13 1.07E-13 1.60E-13 1.01E-13 2.12E-13 1.02E-14 
2.11E-14 1.93E-15 5.88E-15 3.47E-14 1.80E-13 1.05E-16 
 
2.89E-15 4.54E-16 5.37E-15 5.03E-14 2.78E-14 7.54E-16 
1.19E-15 3.78E-15 2.23E-16 2.73E-15 4.23E-15 1.79E-16 
 
1.36E-15 2.54E-16 4.76E-16 9.45E-16 6.94E-16 2.44E-16 
1.62E-16 9.30E-17 5.05E-17 3.59E-16 5.45E-16 7.89E-17 
 
6.56E-16 1.39E-17 4.33E-17 6.41E-16 2.00E-16 2.28E-17 
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Eu and Ni sorption to granitic rocks and minerals 
SDV Mean Rd Eu mix system (cm
3
g-1) 
 
SDV Mean Rd Eu mix system (cm
3
 g-1) 
GA GrG RG RQ OF BM 
 
GA GrG RG RQ OF BM 
1.35E+00 4.51E-01 1.07E+00 2.26E-01 7.56E-01 2.00E+00 
 
5.74E-01 1.59E+00 1.71E+00 4.36E-01 5.35E-01 8.07E+00 
4.03E+00 9.15E+00 1.16E+01 2.16E-01 1.26E-01 3.28E+00 
 
6.93E+00 9.42E-01 2.45E+00 3.63E-02 2.61E+00 1.84E+01 
6.43E+00 6.44E+00 5.74E+00 2.38E-01 2.09E-01 5.90E+00 
 
8.80E+00 3.43E+00 3.23E+00 1.93E+00 2.02E+00 4.91E+00 
3.01E+00 3.02E+00 2.18E+00 2.00E-01 1.20E-01 6.31E+00 
 
5.79E+00 6.28E-01 3.29E+00 1.47E+00 1.11E+00 4.32E+00 
5.65E+00 2.28E+00 5.42E+00 1.17E+00 2.08E-01 5.13E+00 
 
2.58E+00 1.83E+00 2.64E+00 2.58E+00 1.25E+00 2.49E+01 
2.26E+00 4.71E-01 2.97E+00 6.37E-01 3.68E-01 3.90E+00 
 
6.70E+00 2.51E+00 2.08E+00 4.01E+00 1.01E+00 3.29E+00 
4.04E+00 2.06E+00 3.88E+00 1.01E-01 1.85E-01 6.74E+00 
 
1.01E+01 9.32E-01 1.99E+00 1.59E+00 2.70E+00 2.35E+00 
5.74E+00 3.33E+00 5.16E+00 4.70E-02 8.26E-02 5.94E+00 
 
1.55E+00 1.67E+00 3.33E-01 2.72E+00 1.48E+00 1.57E+00 
4.63E+00 2.60E+00 4.18E+00 3.55E-01 2.25E-01 7.48E+00 
 
2.72E+00 1.23E+00 5.61E+00 5.17E+00 6.28E-01 3.90E+00 
6.13E+00 4.27E+00 1.89E+00 1.86E-01 1.44E-02 1.48E+00 
 
4.75E+01 2.21E+00 4.43E+00 3.51E+00 3.41E+00 3.19E+00 
SDV Mean Rd Ni mix system (cm
3
 g-1) 
 
SDV Mean Rd Ni mix system (cm
3
 g-1) 
6.81E-02 2.00E-01 1.13E-01 1.23E-01 1.71E-02 2.64E-01 
 
5.45E-02 3.19E-01 3.96E-01 1.24E-01 1.66E-01 5.74E-01 
9.39E-02 1.26E+00 9.38E-01 3.22E-01 1.21E-02 2.25E+01 
 
1.76E-01 8.36E-01 3.35E-01 7.12E-02 7.44E-02 6.55E+00 
3.53E-01 2.98E-01 9.18E-01 2.72E-01 8.47E-02 2.15E+02 
 
4.20E-02 1.20E+00 2.35E-01 4.39E-02 1.81E-01 6.51E+01 
3.95E-02 8.97E-01 1.25E+00 2.34E-01 4.27E-02 6.61E+00 
 
7.39E-02 1.78E+00 5.92E-01 5.27E-02 9.09E-02 6.70E+00 
2.14E-01 8.19E+00 1.07E+00 1.34E-01 1.92E-02 2.03E+00 
 
6.33E-02 4.92E+00 5.32E-02 4.46E-02 6.99E-02 4.71E+00 
2.21E-01 3.09E-01 1.71E+00 4.61E-01 1.09E-01 3.33E+00 
 
3.26E-01 4.69E+00 9.54E-01 5.78E-02 1.44E-01 1.34E+01 
3.55E-01 4.65E-01 1.21E+00 1.70E-01 3.89E-02 4.40E+00 
 
9.91E-02 5.48E+00 7.42E-01 2.46E-02 5.20E-02 1.80E+00 
1.34E-01 7.42E-01 3.45E+00 8.23E-02 4.13E-02 3.65E-01 
 
1.48E-02 2.45E-01 1.01E+00 1.25E-01 7.64E-02 1.66E+00 
7.88E-02 8.18E+00 1.30E+00 6.52E-02 9.11E-02 1.07E+01 
 
8.10E-02 1.56E+00 2.26E-01 2.32E-02 1.78E-02 5.31E+00 
1.16E-01 3.92E+00 3.38E+00 8.95E-02 1.22E-02 2.16E+01 
 
4.00E-01 1.29E+00 5.09E-01 1.61E-01 5.02E-02 9.94E+00 
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Professional development 
 
Activity 
Skills 
addressed 
(see skills 
matrix  
for code) 
Time 
claimed 
in days 
Date 
completed 
Actinide materials science A Joint Meeting of 
the Radiochemistry and Process Technology 
Groups 
A6, B1 1 21/11/07 
Visit to the British Library. C3 1 1/08/07 
Solutions to Stress E6 0.5 13/9/2007 
Managing Projects for Postgraduates and 
Research Assistants 
A1-A6 0.5 1/10/2007 
Writing up your PhD Thesis A1-A6 0.5 5/10/2007 
Postgraduate Research Students Induction B2-B5 1 9/10/2007 
Working Effectively with Outside Organisations 
for PGRs and RAs 
E1,E2,E3, 0.5 10/10/2007 
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SORPTION OF Ni AND Eu IN A MULTI-ELEMENT SYSTEM 
 
F.S. Ebong, N.D.M Evans. 
Loughborough University, Centre for Environmental Radiochemistry, Loughborough LE113TH. 
Abstract 
Laboratory studies on the retardation of radionuclides in the far-field of a radioactive waste repository are 
often performed using a single metal in the presence of the solid surfaces in solution. However, in the event of 
failure in the engineered barrier system (EBS), groundwater flowing pass the EBS will likely contain more 
than one long live radionuclide. The aim of this paper is to understand sorption in systems containing more 
than one radionuclide in solution. The work presented is carried out to understand how the presence of Ni or 
Eu in solution will affect the sorption of each other. Static batch sorption experiments of Ni and Eu sorption 
to different granitic materials have been performed. Radiometric analysis was done using Cobra (II) Auto 
gamma for 
152
Eu and TriCarb liquid scintillation for 
Ni
63. Experimental results were described initially using 
the empirical models from which Rd values were obtained for sorption in single systems of Ni and Eu, and of 
multi-element systems of Ni and Eu. The experimental data were fitted to the surface complexation using 
JChess Geochemical Code to obtained complexation constants for the interactions between Ni and Eu and the 
solid surfaces. The effect on sorption in a multi-element system was expressed by the ratio of the sorption 
capacity of one metal ions in the presence of the other metal ions Qmix
 
to the sorption capacity of same metal 
ions when it is present alone in solution Qsing. 
 
sin
1
mix
g
Q
Q
, the sorption is promoted by the presence of other metal ions, whereas if:  
 
sin
1
mix
g
Q
Q
, there appears to be no observable effect, and if: 
 
sin
1
mix
g
Q
Q
, it would indicate that sorption is suppressed by the presence of other metal ions in 
solution. 
Results obtained showed that sorption was suppressed in systems containing Eu and Ni. Ratios of Qmix and 
Qsing were calculated as 1 for Ni sorption to Plagioclase Feldspar, showing that there was no effect on the 
sorption capacity for of Ni the presence of Eu. The ration was calculated as < 1 for Eu sorption to Granite 
Adamellite, Rose Quartz, Plagioclase Feldspar and Muscovite Mica, showing that sorption of Eu in the 
presence of both Ni was suppressed. Results also showed suppression of Ni sorption in the presence of Eu 
with the most suppression occurring with for Ni sorption to Rose Quartz in the presence of Eu with a 
mixed/single ratio << 1. A correlation between the Rd and determined surface complexation constant is 
determined for the granitic minerals. 
Key words: multi-element sorption, Nickel, Europium 
 Introduction. 
At present the immobilisation of High Level Waste (HLW) by vitrification followed by their burial in deep 
geological repositories, which are composed of natural and engineered barriers to isolate the long lived 
radionuclides from the biosphere is the most preferred procedure in many countries. Granitic rock formations 
are being considered as host rocks for such geological repositories [1].  The study of the sorption of 
radionuclides onto the geological media such as rocks or minerals is therefore an important part of the safety 
assessment of deep geological disposal of radioactive waste. When exposed to groundwaters, mineral surfaces 
undergo a variety of reactions which may include hydration, dissolution and precipitation, leaching and the 
sorption of protons, hydroxyl ions [2], which can affect the interactions of the host rock with radionuclides, 
and hence, their mobility. 
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A number of experiments and reviews on the sorption of radionuclides have been performed in the past, 
usually providing distribution coefficients (Kd and/or Rd values) for various radionuclides. Although these 
values have been used in performance assessments there has been little or no consideration on the effect of 
other radionuclides competing for the sorption sites at the wetted surfaces in the rock fractures. In scenarios 
resulting to the failure of the engineered barrier systems, the release of more than one long-lived radionuclide 
into the conducting fractures is possible. However, how one radionuclide might affect the sorption of another 
has not been fully studied as has been highlighted by Srivastava et al. in their study of sorption of different 
heavy metals to kaolinite [3]. For some important radionuclides such as Ni and Eu, only limited data are 
available for the sorption onto crystalline rock and on the primary and secondary minerals found in granitic 
rocks [4]. Most recently (2008) Prasad and colleagues have investigated the competitive effects of Pb(II), 
Cu(II) and Zn(II) on the sorption of each other [5]. The complexity of the sorption mechanisms resulting from 
solute – surface interactions and competition of metal ions with each other may explain the scarcity of papers 
on this topic [5].  
Different approaches have been used to model whole-rock particle or bulk sediment sorption processes [6]. 
One of the several models commonly used to model sorption data is the Generalised Composite (GC) 
approach. It assumes that a mineral assemblage is too complex to be described as a superposition of the 
individual phases. In this approach, sorption is described using generic sites (called ≡SOH) and the values of 
the site densities and formation constants are obtained by fitting the experimental data [6].  
Various empirical approaches, such as the distribution coefficient and Freundlich and Langmuir isotherm 
equations, have been used to represent adsorption. The empirical approaches are not capable of accounting for 
the effects of variable chemical conditions, such as pH, on adsorption reactions. This can be done using 
chemical models such as surface complexation models. These models define specific surface species, 
chemical reactions, equilibrium constants, mass balances, and charge balances, and their molecular features 
can be given thermodynamic significance [7]. Surface complexation models were developed for single 
mineral phases but have now been applied to natural mineral assemblages using both component generalised 
composite (GC) approaches [7]. 
This work is aimed at modelling the sorption of 
63
Ni and 
152
Eu to granitic materials using the GC approach, 
when they are present in solution alone (single system) and when present simultaneously (mixed system) 
using empirical and surface complexation models. In this work static batch sorption experiments have been 
carried out using active 
63
Ni serving as a representative member of divalent radionuclides relevant to nuclear 
waste such as 
57
Co. 
152 
Eu has been selected also to serve as an analogue for trivalent radionuclides such as 
241
Am.  
1.1 Empirical Sorption Models 
The ‘‘isotherm’’, a curve describing the retention of a substance on a solid at various concentrations, is a 
major tool to describe and predict the mobility of this substance in the environment [8]. This isotherm often 
cannot of itself provide information about the type of reaction involved. For example, the retention can be 
either due to surface retention without creating three-dimensional structure or to precipitation of a new solid 
phase [9, 10]. However, isotherms give general view of the distribution of radionuclides between the solid-
liquid interphase. 
The partition (or distribution) coefficient, Kd, is a measure of sorption of contaminants to geomedia and is 
defined as the ratio of the quantity of the adsorbate adsorbed per unit mass of solid (Q) to the amount of the 
adsorbate remaining in solution at equilibrium (C).   
d
Q
K
C
   (1)  
0 0( )a a
V
Q C C Q
M   
 (2) 
Most of the time, the concentration of the compound retained on the solid Q is calculated by difference 
between the initial solute concentration Ca0 and the final solute concentration C. In the case of retention stage, 
the solid concentration at equilibrium Q (mol g
-1
) is given by Eq. with V being the volume of solution (L), m 
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is the solid mass (g) and Qa0 (mol g
-1
) is the concentration of the compound initially retained by the solid, 
which must be measured or shown to be negligible [8].  
Values for Kd not only vary greatly between contaminants, but also vary as a function of aqueous and solid 
phase chemistry [11]. This model is used in describing results that showed a linear distribution. The 
distribution coefficient is a bulk parameter and cannot be used to represent the contributions of different 
uptake processes to contaminant retardation [7]. For rocks and minerals, contaminant adsorption can 
sometimes deviate from the linear relationship established by the distribution coefficient. In some 
circumstances, the amount of contaminant in solution contacting the solid will reach such a concentration that 
all adsorption sites would become saturated and the linear relationship between contaminant adsorbed to 
contaminant in solution would no longer hold. 
Long-lived radionuclides and stable elements can be found in leachates and groundwaters near waste sources 
at concentrations large enough to affect the saturation of surface adsorption sites. The Freundlich equation 
[11, 12] and the Langmuir are mostly used to describe sorption in such situations.  
1.2 Surface Complexation Models (SCM) 
Mechanistic models have intrinsic advantages over empirical values when trying to justify sorption values 
chosen for safety assessment analysis and when it is necessary to predict sorption under a variety of different 
conditions [13]. In surface complexation models, ions and individual functional groups on the surface are 
considered to react to form coordination complexes and ion pairs [14]. Experimental data on interactions at 
the mineral-electrolyte interface can also be represented mathematically using mechanistic models such as the 
surface complexation models (SCM) [15], which are based on thermodynamic concepts such as mass action 
laws and material balance equations. Three types of surface species are usually considered: protonated and 
hydrolysed surface sites; surface sites coordinated with major ions of the background electrolyte; and surface-
sorbate complexes. The chemical reactions that take place can be described solely in thermodynamic terms, 
the detailed nature of the surface complexes being irrelevant [15]. Generally, the surface hydroxide groups are 
written as identical diprotic weak acid groups which react as [15]: 
≡SOH2
+
     ⇌      ≡SOH + H+   (3) 
1
2
SOH  H
 
SOH
aK
 (4)
 
≡SOH     ⇌       ≡SO- + H+   (5) 
2
SO  H
[ SOH]
aK
  (6)
 
1.3 Effect of Competition 
The study of adsorption in multi-component systems shows a higher level of complexity than single 
radionuclide systems because of the solute-surface interactions and potential completion of metal ions with 
each other for sorption sites. The effect of ionic interactions on the sorption process may be represented by the 
ratio of the sorption capacity of one metal ion in the presence of the other metal ions Qmix
 
to the sorption 
capacity of same metal ion when it is present alone in solution Qsing [5]. 
 
sin
1
mix
g
Q
Q
, the sorption is promoted by the presence of other metal ions, whereas if:  
 
sin
1
mix
g
Q
Q
, there appears to be no observable effect, and if: 
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sin
1
mix
g
Q
Q
, it would indicate that sorption is suppressed by the presence of other metal ions in 
solution [5].  
The above expressions make use of the maximum concentration of the metal bound, however, no information 
on the concentration of the metal remaining in solution is shown. The approached used in this paper is to 
compare  the Rd in mixed and single systems, as the Rd are a true representation of the changes in solution and 
on the solid surfaces. 
2 Experimental 
The main constituents of silica-rich rock types such as granite are quartz, feldspars, and mica [16]. The 
sorption properties of intact rock will obviously depend on the constituents of the different individual 
components of the rock. Therefore, the present study did not only focus on granitic rocks, but also their 
individual components. The solids considered were Granite Adamellite (GA), Muscovite Mica (MM), 
Plagioclase Feldspar (PF) and Rose Quartz (RQ) were supplied by UK Geological Equipment as intact 
samples. 
Firstly, the adsorbents were reduced in particle size. This size reduction was for the performance of batch 
equilibrium experiments, since sorption capacity is proportional to the total surface area available and the 
total surface area of non-porous particles is inversely proportional to the particle diameter [17]. In addition, 
the kinetics of processes controlled by diffusion in porous particles is directly related to particle size. Smaller 
adsorbents will require shorter equilibration times if any porosity is present [17]. Samples were crushed and 
pulverised using a ball mill and sieved to obtain a particle size range of 46 to 250 μm. 0.2 g of the pulverised 
samples were mixed with 40 cm
3
 of non-active research-grade NiCl2 or EuCl3 solution (Aldrich), giving a 
solid-liquid ratio of 1:200. Three replicates of varying concentrations (1 x 10
-13
 to 1 x 10
-4
 mol dm
-3
) of Ni
2+
 
or Eu
3+
 were prepared and spiked with 
63
Ni or 
152
Eu to give an activity of 25.3 KBq per 40 cm
3
 reaction vial. 
After adding the spike, the vials were shaken for between 5 to 7 days to reach steady-state. 1 cm
3
 of the 
supernatant was removed, filtered (using 0.2 micron Whatman filter paper) and mixed with 10 cm
3
 of High 
Flash-point Universal liquid scintillation cocktail and the samples counted in a TriCarb liquid scintillation 
counter after light adjustment. Control samples were taken to correct for wall and filter sorption, both of 
which were found to be negligible. All experiments were conducted at ambient laboratory temperature. The 
equilibration pH of the solid-solution mixtures were at ca. 7.5. 
In the mixed systems, the activities of both Eu and Ni were adjusted to 5.3 KBq per 40 cm
3
. The 
concentration of inactive Eu and Ni was also adjusted to be the same as that used in a single element system. 
The experiments were allowed to equilibrate for 7 to 10 days. Separation of the supernatant was carried out by 
filtration using 0.2 micron Whatman filter paper. 
For experiments in which both 
152
Eu and 
63
Ni were present, 
63
Ni was counted as described above while Eu 
was analysed using the Cobra (II) Auto gamma counting between 100 to 1500 KeV at 2 sigma. When 
analysing 
63
Ni in the presence of 
152
Eu, it was important that the Eu did not influence the counts for 
63
Ni. This 
was possible because upon analysis the mixed system for Eu, it was found that the counts were mostly 
background, (230 to 250 CPM). The implication was that upon corrections for wall sorption all Eu was 
removed from solution. Thus, it was possible to analyse the 
63
Ni neglecting the effect of Eu.  
2.1 Effect of surface area: 
Sorption strongly depends on the specific surface area which varies significantly for different materials, 
especially for heterogeneous substances such as granitic rocks. Alonso and co-workers [18] have proposed the 
use of a new parameter Rd*
 
to describe the dependence of sorption on surface area. This methodology has 
been adopted by the present study.
 
The Rd calculated from static batch sorption is corrected for effective 
surface area to give Rd*. Rd* is defined as the Rd per surface area. 
*
d
d
MeasuredR
R
BETSurfaceArea
    (7)
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BET surface areas used are mean values calculated from individual measurements for different granitic rocks 
and minerals. 
2.2 Radionuclide speciation in solution 
 
Figure 1: Ni and Eu speciation in water calculated from JChess Code, [19]. 
JChess [19] speciation software indicated that Ni
2+
 was the predominant species in solution over the 
concentration range of 1 x 10
-5
 to 1 x 10
-14
 mol dm
-3
.  Below pH of ca 7.5, the major species, of Eu species 
were Eu2(OH)2
4+
 and Eu
3+
. The high positive charge on both species plays an important role for Eu sorption to 
negatively charged surfaces in solution. 
2.3 Proton Exchange Capacity Measurement 
The proton exchange capacity (PEC) is an important input parameter for SCM modelling with the JCHESS 
speciation code [19].  Using Metrohm 857 Titrando auto-titrator, coupled with Metrohm 6.0258.010 pH probe 
and Metrohm 800Dosino dosimeter, the equivalent  
points for the granitic rock (Granite Adamellite,) and three granitic minerals (Rose Quartz, Plagioclase 
Feldspar and Muscovite Mica) were determined, after titrating with 2 M NaOH (NaOH pellets ≤ 1.0 % 
sodium carbonate supplied from Sigma Aldrich were used, and purified as described by the method described 
by Sipos et al. [20], at a dosing rate of 0.1 cm
3
 per minute, stirring at 60 r.p.m. The total number of protons 
released at the mineral-water inter phase depends on the hydrolysis of surface groups and the electrostatic 
interactions of hydrated cations with the mineral surface. The formation of negative surface charge on 
minerals corresponds to the concentration of protons released from -OH functional groups by the reaction as 
shown by the equations below [21, 22]. 
≡SOH  ⇌  ≡SO- + H+  (8) 
≡SOH + nH2O.M
Z+
 ⇌ ≡SO- + nH2O.M
Z+
 + H
+
  (9) 
 
Where ≡SOH is a surface bound species responsible for proton exchange. 
The surface charge that develops at silica surfaces corresponds to the concentration of protons released from 
silanol functional groups by reactions (8) and (9). The total surface charge does not distinguish between 
contributions made by both equations above. Thus the proton exchange capacity is thus, calculated by 
determining the difference of the total proton concentration and the free proton and hydroxyl concentrations 
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from the potentiometric measurements and normalising to the surface area of the mineral in the titration 
vessel [21]. 
3 Results and Discussion 
3.1 Modelling with Empirical Models 
3.1.1 Granite Adamellite 
Sorption isotherms for Ni and Eu on Granite Adamellite in both single and mixed systems are shown in figure 
2. Best fit sorption models have been calculated and are shown in table 1. The results showed a shift in the 
best-fit sorption model from Linear, for the single systems of Ni and Eu, to Langmuir for mixed systems of Ni 
and Eu. Using the Linear model, the Rd values were derived from the gradients of the sorption isotherms of 
the concentration of metal bound as a function of the concentration of metal in solution. Table 1 shows the 
sorption parameters after fitting the sorption data to the Langmuir and the Linear models. The Rd values for 
Eu were 101.1 and 27.0 ml g
-1
 for single and mixed systems respectively. The results show that Eu sorption is 
suppressed in the presence of Ni. Thus, Ni could be competing for the free sites on the mineral surface. For 
Ni, the process was also suppressed in the presence of Eu in solution as shown by the Rd values of 0.7 and 1.3 
ml g
-1
 obtained for Ni sorption to GA in mixed and single systems respectively. It is therefore, possible that 
the presence of two or more radionuclides in solution could suppress the sorption of a particular radionuclide. 
The Rd values calculated for Ni is within the range 2.4 to 660 ml g
-1
 as found by Ticknor [4], using different 
synthetic groundwaters and granite.  
The main assumption of the Langmurian model is that the sorption process occurs with eventual saturation of 
sorption sites. The good fit of the sorption data to the Langmuir model for both Ni and Eu sorption in mixed 
systems would, suggest that there is a decrease in available sorption sites due to competition. For single 
systems containing Ni or Eu, sorption data fitted best to the Linear model shown by the fit parameter R
2
 of 
0.99 for both Eu and Ni (table 1).   
Modelling the effect of multi-element sorption as shown in table 3 showed that the presence of Ni and Eu in a 
mixed system affected the sorption processes of each other, as shown by the enhancement/suppression factor 
calculated. Suppression factors of 0.2 and 0.3 are calculated for Ni and Eu respectively. The results indicate 
that in a multi-element system Ni immobilisation could be reduced compared to that of Eu in the same 
system. The reason for the suppressed sorption for Ni and Eu in mixed systems could be due to the 
arrangement of the metal ions on the surface. It is noted that the sorption mechanism changes from Linear to 
Langmuir for sorption in both systems. The Langmuir model permits a monolayer sorption mechanism with 
an upper bound to the amount of metal ions sorbed at the experimental conditions. The Linear model has no 
upper limit within the concentration. Despite the considerable knowledge acquired about radionuclide 
retention at the atomic scale, the prediction of radionuclide sorption at the whole-rock/mineral scale is still a 
challenge because of the mineralogical complexity of natural rocks [6].  
 
Eu sorption to GA is greater compared to that of Ni as shown by Rd values (table 1). The reason for this 
difference could be explained by the speciation of both metals in solution. Between pH 7 and 8, Ni remains in 
solution as Ni
2+.
 However, this is not the case with Eu, the main Eu species in solution are Eu
3+
 and 
Eu2(OH)2
4+
.The presence of the highly positively charge species results in enhanced sorption to the surface 
sites (SOH) as postulated below. 
≡SOH + Eu3+   ⇌ ≡SOEu2+ + H+   (10) 
2S≡OH + Eu2(OH)2
4+
 ⇌  (≡SO)2Eu2(OH)2
2+
 + 2H
+
         
          (11) 
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Figure 2: Log[Ni, Eu] bound as a function of Log[Ni, Eu] in solution, in a  Ni and Eu mixed system  
3.1.2 Rose Quartz 
Quartz is an important mineral in granitic rocks and has been studied in an attempt to understand the different 
sorption properties of the constituent minerals of granitic rocks. Figure 3 shows the sorption isotherms for Ni 
and Eu sorption in mixed and single system. The sorption isotherm for Eu sorption in Ni-free system showed 
saturation of sorption sites at concentration 6.0 x 10
-6
 mol dm
-3
 with data fitting best to the Langmuir model ( 
R
2
 = 0.99). Fitting the data to the Linear model, sorption data showed good fits for Eu and Ni sorption in a 
mixed system, and for Ni sorption in a Eu-free system (Sorption parameters are shown in table 1).   
No change in the best-fit sorption model was observed for Ni sorption in both systems, however, a change 
from Langmuir (Single system) to Linear (Mixed system) is observed for Eu sorption as shown by data in 
table 2. Modelling the effect of competition showed that Eu and Ni sorption was suppressed in both mixed 
and single systems, as shown by the calculated suppression factors of 0.8 and 0.5 for Eu and Ni respectively. 
The results show Ni sorption in the presence of Eu is 10 times lower than that of Eu in terms of the calculated 
Rd 
Rd values were calculated as 1.3 and 1.0 ml g
-1 
for Eu in single and mixed systems respectively while for Ni, 
the Rd was   0.8 and 0.4 ml g
-1
 for single and mixed systems respectively. The fact that Ni is weakly sorbing 
to quartz has been shown by Ticknor [4], who reported Rd values in the range 0.05 to 3.6 ml g
-1
 for Ni 
sorption to quartz in different synthetic groundwater systems. Cornell and Aksoyoglu [23] had shown earlier 
(1992) the low sorption ability of quartz. They obtained an Rd of 1.6 ml g
-1 
for an initial metal concentration 
of 1.1 x 10
-7
 mol dm
-3
. The results obtained in this work for Ni sorption in a single system agree with results 
from the above mentioned authors. The mean Rd values and the Rd values obtained from the linear model are 
in the range 0.50 to 2 ml g
-1
, which is in good agreement with values measured by previous authors as seen 
above. 
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Figure 3: log[Ni, Eu] bound as a function of log[Ni, Eu] in solution, in a  Ni and Eu  mixed system.  
3.2 Modelling with Surface complexation models 
 Mechanistic models have intrinsic advantages over empirical values when trying to justify sorption values 
chosen for safety assessment analysis and when it is necessary to predict sorption under a variety of different 
conditions [13]. In surface complexation models, ions and individual functional groups on the surface are 
considered to react to form coordination complexes and ion pairs [14]. The general equation for the 
interaction of the metal ion with an oxide substrate may be expressed by the following equation [27, 28]. 
  M
n++ x(≡SOH) = [M(≡SOH)x]
(n-x)+
 + xH
+
  (12)     
Using the JChess code, with the input parameters shown in table 4, modelled values were fitted to 
experimental data. LogK values for the complexation of metal to surface sites at the mineral surfaces were 
determined as shown in table 4 for mixed and single systems.   Complexation constants give an indication of 
the strength of the metal-solid complex and are analogous to the Langmuir constant K or the Rd. In this study, 
a parallel comparison is made for the non-electrostatic correction models (Linear) and the electrostatic 
correction model (using the double layer theory for electrostatic correction term [19]. 
 
Table 1: Sorption parameters for statistic batch sorption experiments for Eu and Ni sorption to 
granitic materials in mixed and single systems. 
 Langmuir Linear Kd Mean Rd  
 
B 
mol dm-3 
K 
(dm-3 meq-1) 
R2 
Rd 
(ml  g-1) 
R2 
*Rd 
(ml g-1) 
Rd* 
(ml  g-1m-2) 
Eu Mixed system 
Granite Adamellite (GA) 3.54 x 10-5 6.4 x 106 0.99 27 0.99 
205.4 
 
7 
Rose Quartz (RQ) - - 0.43 0.45 0.98 1.2 110.0 
Plagioclase Feldspar (PF) 1.05 x 10-5 3.0 x 105 0.88 1.4 0.99 3.1 53.2 
Muscovite Mica (MM) - - 0.79 147 0.99 195.1 89.0 
Eu Single system 
1.0E-15 
2.0E-13 
4.0E-11 
8.0E-09 
1.6E-06 
1.0E-16 5.0E-14 2.5E-11 1.3E-08 6.3E-06 
[ 
N
i,
 E
u
 b
o
u
n
d
] 
(m
o
l 
g
-1
) 
[Ni, Eu in Solution] (mol dm-3) 
Eu-Mix-RQ 
Eu-Sin-RQ 
Ni-Mix-RQ 
Ni-Sin-RQ 
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Granite Adamellite (GA) - - 0.76 101 0.99 192.9 1700 
Rose Quartz (RQ) 6.0 x 10-6 1.1 x 105 0.99 1.3 0.89 93.5 2690 
Plagioclase Feldspar (PF) 2.6 x 10-5 3.5 x105 0.99 10.8 0.97 85.1 1370 
Muscovite Mica (MM) - - 0.20 174 0.99 151.3 2220 
Ni Mixed system 
Granite Adamellite (GA) 3.7 x 10-6 1.8 x 106 0.99 0.74 0.87 5.7 66.5 
Rose Quartz (RQ) - - 0.74 0.4 0.99 0.9 1.0 
Plagioclase Feldspar (PF) - - 0.04 0.6 0.99 0.5 0.3 
Muscovite Mica (MM) 2.8 x 10-5 2.2 x 107 0.99 16 0.97 349.9 205.8 
Ni Single system 
Granite Adamellite (GA)  2.4 x 104 0.82 3.0 0.99 5.3 0.18 
Rose Quartz (RQ) - - 0.01 0.8 0.99 0.9 1.0 
Plagioclase Feldspar (PF) - - 0.02 61 0.99 1.0 0.6 
Muscovite Mica (MM) 4.3 x 10-5 7.7 x 106 0.96 1530 0.98 332.0 195.3 
  
Table 2: Variation of sorption models, for Eu and Ni sorption to different granitic materials in mixed 
and single systems.. 
Sample EuSing EuMix NiSing NiMix 
Granite Adamellite (GA) Linear Linear Linear Langmuir 
Rose Quartz (RQ) Langmuir Linear Linear Linear 
Plagioclase Feldspar (PF) Linear Langmuir Linear Linear 
Muscovite Mica (MM) Linear Linear Linear Linear 
Table 3: Sorption parameters for statistic batch sorption experiments for Eu and Ni sorption to 
granitic materials in mixed and single systems. Data obtained from modelling using the Linear model. 
Eu Ni 
 
Rdsing 
(ml g-1) 
Rdmix 
(ml g-1) Rd mix /Rdsing Remarks 
Rdsing 
(ml g-1) 
Rdmix 
(ml g-1) Rdmix /Rdsing Remarks 
Granite Adamellite (GA) 101.1 27 0.3 suppressed 3.0 0.74 0.2 suppressed 
Rose Quartz (RQ) 1.3 1.0 0.8 suppressed 0.8 0.4 0.5 suppressed 
Plagioclase Feldspar (PF) 10.8 1.4 1.6 Suppressed 0.8 0.6 0.8 No effect 
Muscovite Mica (MM) 174 147 0.8 suppressed 61 16 03 Suppressed 
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 Table 8: Surface complexation parameters for Ni and Eu sorption to different granitic minerals.  
Solid-volume ratio 0.005 g cm-3 
Concentration  
of metal 
1 x 10-14 to 10-4 mol dm-3 
BET Surface 
 area 
Quartz (0.85 m2 g-1) Feldspar (1.6 m2 g-1) Mica(1.7 m2 g-1) 
Particle radius Quartz (1.4 nm) Feldspar (2.7 nm) Mica (2.8) 
Solution pH 7.5 
Dissolution  disabled 
Precipitation disabled 
Temperature Room temperature 
Sample Surface complexation System 
Exchange 
capacity 
µmol m-2 
Complexation 
constant 
Concentration of 
surface sites 
mol g-1 
Quartz 
≡Quartz-O-Ni+ 
≡(Quartz-O)2Ni 
Ni-single system 
5.88 
 
Log K = -4 
Log K = -5.2 
8.2 x 10-7 
7.0 x 10-11 
≡Quartz-O-Eu2+ 
(≡Quartz-O)2-Eu
- 
Eu single system 
Log K = -6 
Log K= -10 
5.6 x 10-8 
1.4 x10-8 
Feldspar 
≡Feldspar-O-Ni+ 
(≡Feldspar-O)2-Ni 
Ni-single system 
3.14 
Log K = -3 
Log K = -3.2 
4.8 x 10-6 
2.7 x 10-10 
≡ Feldspar -O-Eu2+ 
(≡Feldspar -O)2-Eu
- 
Eu single system 
Log K = -2.5 
Log K = -2.5 
8.5 x 10-8 
3.8 x10-13 
Mica 
≡Mica-O-Ni+ 
(≡Mica-O)2-Ni 
Ni-single system 
74 
 
Log K = -3 
Log K = -3 
1.7 x 10-8 
7.0 x 10-6 
≡Mica-O-Eu2+ 
(≡Mica-O)2-Eu
- 
Eu single system 
Log K = -2.1 
Log K = -2.1 
1.5 x 10-7 
1.3 x 10-9 
≡Mica-O-Ni+ 
(≡Mica-O)2-Ni 
Ni-Mixed system 
Log K = -4 
Log K = -4 
2.0 x 10-7 
1.0 x 10-14 
≡Mica-O-Eu2+ 
(≡Mica-O)2-Eu 
Eu single system 
Log K = -5 
Log K = -5 
1.4 x 10-7 
6.7 x 10-10 
 
3.2.1 Quartz- Ni-Rose Quartz - single system. 
Correlating experimental data, to modelled data using log K values of -5 and -4.2 for mono and bi-dentate 
binding, showed that the experimental data were in agreement with the model as shown in figure 4. The SCM 
agreed with experimental data with the concentration range studied. However, saturation of sorption sites is 
attained for the model. Based on the calculated concentration of sorption sites, the surface complexation of Ni 
to Rose Quartz, in a single system is monodentate bonding. JChess output data for Ni binding in Eu free 
system at the stated complexation constant showed that Ni sorption was dominated by mono dentate binding. 
The concentrations of mono and bi-dentate surface sites were calculated as 8.2 x 10
-7
 and 7.0 x 10
-11
 mol dm
-3
. 
Thus, the sorption process can be represented by  
 
≡Quartz-OH + Ni2+ ⇌ ≡Quartz-ONi+  Log K = -5  
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Figure 4: log-log sorption isotherms for Ni sorption to Rose Quartz. Figure shows modelled data and 
experimental data  
3.2.2 Ni and Eu sorption to Plagioclase Feldspar-Single system 
Surface complexation modelling was done for both Eu and Ni sorption to Plagioclase Feldspar for single 
systems. Using mono and bi-dentate binding, surface complexation constants were adjusted to -3 and -3.2 for 
mono and bi-dentate binding to obtain a fit between the experimental and modelled data, as shown in figure 
7.6. Results from JChess modelling (JCM) showed sorption to Plagioclase Feldspar occurred by the formation 
of monodentate complex with Ni as supported by the concentration of mono and bidentate surface sites in 
solution (4.8 x 10
-6
 and 2.7 x 10
-10
 for mono and bi dentate respectively). Thus, mono dentate binding 
dominated the sorption process. 
≡Feldspar-OH + Ni2+ ⇌ ≡Feldspar-ONi+  
Log K = -3.0 (mono dentate) 
≡Feldspar-OH + Ni2+ ⇌ (≡Feldspar-O) 2Ni  
Log K = -3.2 (bi dentate) 
The SC model for Plagioclase Feldspars showed a similar pattern to that of RQ. Results from JChess 
modelling (JCM) showed sorption to Plagioclase Feldspar occurred by the formation of monodentate complex 
with Ni.  
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Figure 5: log-log sorption isotherms for Ni sorption to Plagioclase Feldspar in Eu-free system. Figure 
shows modelled data and experimental data.  
 
Figure 6: log-log sorption isotherms for Eu sorption to Plagioclase Feldspar in Ni free system. Figure 
shows modelled data and experimental data  
Figure 6 above shows poor fit between experimental data and modelled data for Eu sorption to Plagioclase 
Feldspar, using surface complexation constant of -2.5 for both mono and bi-dentate. The reasons for the 
deviation between the model and the experimental can be attributed to the purity of the solid sample 
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(Plagioclase Feldspar). Due to limited knowledge of the exact purity of the samples, the mineral sample 
cannot be considered pure as compared to that used by the model. The presence of impurities in the sample 
can affect the sorption profile of the same mineral used by the model, also, due to the complexity of Eu 
speciation in water, the interaction of the different species with the solid can be complex, resulting to 
deviation from theoretically defined sorption profiles.  
3.2.3 Muscovite Mica - Ni single and mixed systems 
Modelled data for Ni sorption in single and mixed systems are shown in figures 7 and 8 respectively. Figures 
show good correlation between the experimental data and modelled data for the stated Log K values (-3 for 
mono and bi-dentate, Ni-mica single system, and -2.1 mono and bi-dentate, Ni-mica mixed system). From 
modelled data, it can be concluded that Ni sorption is dominated by bi-dentate binding, as seen from the 
concentration of surface sites (table 4). The concentration of Ni binding by mono dentate is 1.7 x 10
-8
 and 
while that for bi dentate is 7.0 x 10
-6
 mol dm
-3
.  However, for Ni sorption in a mixed system the sorption 
process was mostly mono dentate as shown table 4. 
 
 
Figure 7: log-log sorption isotherms for Ni sorption to Muscovite Mica. Figure shows modelled data 
and experimental data.  
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Figure 8: log-log sorption isotherms for Ni sorption to Muscovite Mica. Figure shows modelled data 
and experimental data  
3.3 Contextualising Empirical and Surface complexation models 
An analogy has been drawn between the calculated Rd and the surface complexation constant Log K, based on 
parameters shown in table 1 and 4. Results from SCM and the empirical models showed a general 
relationship. For most of the systems studied the higher the sorption capacity the higher the surface 
complexation constant. Considering Ni sorption to mica, a Log K value of -2.1 (Rd = 61 ml g
-1
) and -4 (Rd = 
16 ml g
-1
) were obtained for Ni sorption in single and mixed systems respectively. 
Table 9: Surface complexation constants and Rd values for Ni and Eu sorption in mixed and single 
systems showing the general variation between the Rd and the SC constants. 
Sample System 
Complexation 
constant 
Rd 
ml g
-1
 
Quartz 
Ni-single 
system 
  Log K = -4 
  Log K = -5.2 
0.8 
Eu single 
system 
  Log K = -6 
  Log K= -10 
1.3 
Feldspar 
Ni-single 
system 
  Log K = -3 
  Log K = -3.2 
0.8 
Eu single 
system 
  Log K = -2.5 
  Log K = -2.5 
1.4 
Mica 
Ni-single 
system 
  Log K = -3 
  Log K = -3 
61 
Eu single 
system 
  Log K = -2.1 
  Log K = -2.1 
174 
Ni-Mixed 
system 
  Log K = -4 
  Log K = -4 
16 
Eu mixed 
system 
  Log K = -5 
  Log K = -5 
147 
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3.4 Eu and Ni sorption summary to Granitic rocks and minerals 
When comparing sorption capacities of different samples, the effect of the net surface area of the mineral/rock 
particles exposed in solution is important. A comparative analysis of the granitic materials studied is shown 
below taking into consideration the Rd values corrected for surface area. It can be seen that the major 
constituent in the retardation of radionuclide in granitic rocks is mica. However, the high sorption values of 
the rocks could not be attributed solely to electrostatic sorption process, intermolecular diffusion and diffusion 
into dead end pores and ligand exchange can contribute to the bulk sorption.  
 
Figure 9: Variation of Rd for Eu and Ni sorption to different granitic materials in mixed and single 
systems showing effect of the effective surface area on the sorption capacity.  
4 Conclusions 
The following deductions could be made based on the application of the Linear model to the experimental 
data: Eu and Ni sorption is, in terms of Rd corrected for surface area effect in the following order  
Eumix: MM > GA > PF > RQ,  
Eusing: MM > GA > PF > RQ  
Nimix : MM > GA > PF > RQ  
Nising: MM > RQ > GA > PF 
From the ranking above it is evident that sorption to MM plays a significant role in the overall bulk sorption 
of granitic samples. Results showed a relationship between Rd and surface complexation constants (The 
higher the Rd the higher the surface complexation constant). Fitting data to the Linear model showed that 
sorption of Ni and Eu in mixed systems was suppressed for GA, MM, and RQ, while no effect was observed 
for PF. Using JChess code, it was possible to attribute Log K values to sorption processes in the different 
systems. Results thus, far indicate that the effect of multi-element sorption cannot be disregarded in safety 
assessments of radionuclides in the far-field.  
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Modelling the sorption of 
63
Ni to granitic materials: Application of the component additive model 
 
F.S. Ebong, N.D.M Evans
1
. 
Department of Chemistry, Centre for Environmental Radiochemistry. Loughborough University, 
Loughborough LE113TU.  
Abstract: The component additive modelling approach is based on summing the results from models already 
calibrated with pure mineral phases. The summation can occur as the sum of results for thermodynamic 
surface speciation models or as the sum of pseudo-thermodynamic models for adsorption on individual 
mineral phases. Static batch sorption experiments of 
63
Ni with different granitic rocks and component 
minerals. XRD analyses have been used to calculate the percentage mineralogical composition of the granitic 
rocks. Sorption data has been modelled using non electrostatic correction models to obtain Rd for the granitic 
rocks and mineral. Rd values for the granitic rocks predicted from the component additive model have been 
compared to experimental values. Results showed predicted Rd values for Granite Adamellite, Biotite Granite 
and Rapakivi granite, were identical to the experimentally determined values, whereas for Graphic granite and 
Grey Granite, the predicted and experimentally determined Rd values were much different. The results also 
showed a greater contribution to the bulk Rd by feldspar while quartz showed the least contribution to the Rd.  
Keywords:  Radionuclide sorption, Component additive model, 
1
4
Introduction 
In several countries, Sweden and Finland, low permeability crystalline rocks (e.g. Granite) are under 
consideration as potential hosts for radioactive waste repositories. In such formations groundwater flow 
occurs predominantly in specific fractures rather than being a general porous flow through the entire rock 
matrix. In the evaluation of radionuclide retardation therefore, the effect of sorption on secondary minerals 
must be clearly considered. Despite the enormous amount of efforts to understand the possible behaviour of 
escaped radionuclides, great uncertainty remains mostly highlighted by the problem of time. Time constitute 
one of the greatest limitations into understanding future scenarios because one integrated experiment that 
captures all the relevant mechanisms for the times of interest is not possible. We need to understand all 
important processes and how they integrate over >100 000 years [1]. Geological matrices surrounding a waste 
repository are expected to act as natural barrier to both water flow and radionuclide migration. Granite rock 
formations as the host media and bentonite alone or its mixture with sand quartz or crushed granite as the 
backfill are the favourite materials [2]. Granite the most common igneous rock appears to be an excellent 
candidate for a repository area [3, 4]. Physical properties lending uniqueness to granite are 
porosity/permeability. Granite has almost negligible porosity with high thermal stability. Granite is 
impervious to weathering from temperature and even from the air borne chemicals and has very small co-
efficient of expansion. Many studies on granite reveal the main composition to be quartz, plagioclase 
feldspars and Biotite [5, 6, 7, 8]. Granitic rocks are metagranite with high content of quartz with high thermal 
conductivity and high mechanical strength and rock stress. The rocks contain tectonic plates with gentle 
sloping sub vertical zones with different fracture domains [9]. 
1.1 Objectives 
The Rd concept when applied to describe the bulk sorption properties of granite can be very sensitive 
to the composition of heterogeneous samples. The overall bulk property may be expected to be the summation 
of the bulk properties of the individual minerals that make up the granite sample. The component additivity 
approach [10] is based on summing the adsorption by the individual component minerals of sample to obtain 
a measure of the total sorption of the bulk sample. The summation can occur as the sum of results from 
thermodynamic surface speciation models or as the sum of pseudo-thermodynamic models for adsorption on 
individual mineral phases. Pseudo-thermodynamic models include models without electrostatic correction 
terms, sometimes called non-electrostatic models (NEMs). Thus, this work will test if the bulk Rd’ is a 
summation of the bulk properties of the individual minerals. Rd values were determined for different granitic 
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rocks and minerals, and the component additive model (CAM) applied to the sorption data. Sorption data has 
been modelled using empirical models to obtain Rd values and sorption parameters 
1.2 Nickel 
The isotope 
63
Ni is an artificial radionuclide. The presence of 
63
Ni in the environment results mainly 
of the activities of man. 
63
Ni is formed by neutron capture of stable 
62
Ni. 
63Ni is a pure β-emitter with a half-
life of 100.1 years [11]. Naturally occurring nickel is composed of 5 stable isotopes; 
58
Ni, 
60
Ni, 
61
Ni, 
62
Ni and 
64
Ni with 
58
Ni being the most abundant (68.077% natural abundance). 18 radioisotopes have been 
characterised with the most stable being 
59
Ni with a half-life of 76,000 years, 
63
Ni with a half-life of 100.1 
years, and 
56
Ni with a half-life of 6.077 days. All of the remaining radioactive isotopes have half-lives that are 
less than 60 hours and the majority of these have half-lives that are less than 30 seconds. Nickel can be 
transported as particles released into the atmosphere or as dissolved compounds in natural waters [12]. Three 
main sources are responsible for the presence of 
63
Ni in the environment. These sources are nuclear weapon 
tests, radioactive effluents from nuclear installations and accidental releases of nuclear power plants (e.g. 
Chernobyl) [11]. 
63
Ni is a weak beta-emitting radionuclide of Emax = 67 keV. It exists in the coolant water of 
nuclear power reactor and is formed by neutron capture of nickel released from steel piping and so on due to 
corrosion. It is included in the list of low-level long-lived radioactive waste from nuclear power reactor [13]. 
1.3 Sorption models. 
1.3.1 Linear Kd model 
The partition (or distribution) coefficient, Kd, is a measure of sorption of contaminants to geomedia, 
and is defined as the ratio of the quantity of the adsorbate adsorbed per unit mass of solid to the amount of the 
adsorbate remaining in solution at equilibrium. Values for Kd not only vary greatly between contaminants, but 
also vary as a function of aqueous and solid phase chemistry [14]. Some adsorption studies are conducted in a 
systematic fashion to evaluate the effects of various parameters (such as pH, and ionic strength) on Kd. The 
results of a suite of experiments evaluating the effect of contaminant concentration on adsorption, while 
temperature is held constant, are called an “adsorption isotherm.” Among all phenomena governing the 
mobility of substances in aqueous porous media and aquatic environments, the transfer of substances from a 
mobile phase (liquid or gaseous) to a solid phase is a universal phenomenon. That is the reason why the 
‘‘isotherm’’, a curve describing the retention of a substance on a solid at various concentrations, is a major 
tool to describe and predict the mobility of this substance in the environment [15]. This isotherm often cannot 
of itself provide information about the type of reaction involved. For example, the retention can be either due 
to surface retention without creating three-dimensional structure or to precipitation of a new solid phase [16, 
17]. However, isotherms give a general view of the distribution of radionuclides between the solid-liquid 
phases. Isotherm models are used to describe the case where sorption relationships deviate from linearity. For 
many short-lived radionuclides, the mass present never reaches quantities large enough to start loading 
surface adsorption sites to the point that the linear Kd relationship is not accurate. However, long-lived 
radionuclides and stable elements can be found in leachates and groundwaters near waste sources at 
concentrations large enough to affect the saturation of surface adsorption sites. The partition (or distribution) 
coefficient, Kd, is expressed mathematically as the ratio of the quantity of the adsorbate adsorbed per unit 
mass of solid (Q) to the amount of the adsorbate remaining in solution at equilibrium (C).   
d
Q
K
C
     (1)     
0 0( )a a
V
Q C C Q
M  
(2) 
  
Most of the time, the concentration of the compound retained on the solid Q is calculated by difference 
between the initial solute concentration Ca0 and the final solute concentration C. In the case of retention stage, 
the solid concentration at equilibrium Q (mol g
-1
) is given by equation 2 with V being the volume of solution 
(dm
3
), M is the solid mass (g) and Qa0 (mol g
-1
) is the concentration of the compound initially retained by the 
solid, which must be measured or shown to be negligible [15]. The use of a distribution coefficient in 
describing nuclide migration requires some assumptions: 
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3. The sorption process during migration is reversible. 
4. The ratio of solute concentration between the solid and solution phases also remains constant [7]. 
A more realistic approach to the concept of Kd, which is a thermodynamically determined value, is the Rd 
(Distribution ratio) of the solute between the solid and liquid phases, at the stated experimental conditions and 
it is not thermodynamically determined. This paper thus, makes use of Rd rather than Kd.  
1.3.2 The Freundlich isotherm 
For rocks and minerals, contaminant adsorption can sometimes deviate from the linear relationship 
established by the distribution coefficient. In some circumstances, the amount of contaminant in solution 
contacting the solid will reach such a concentration that all adsorption sites would become saturated and the 
linear relationship between contaminant adsorbed to contaminant in solution would no longer hold. Long-
lived radionuclides and stable elements can be found in leachates and groundwaters near waste sources at 
concentrations large enough to affect the saturation of surface adsorption sites. The Freundlich equation; 
equation 3, [18, 19] is one of the various models that have been employed for the study of metal adsorption. It 
expresses relation between the adsorbed quantity Q and the remained solute concentration. 
1
nQ KC
   
(3) 
The equation is expressed in the linear form as linear form as: 
1
logLogQ LogK C
n  
(4) 
Where Q is the concentration of metal sorbed (mol g
-1
), C is the concentration of metal in the equilibrium 
solution (mol dm
-3
), K (dm
3 
g
-1
) and n (dimensionless) is a parameter that describes the heterogeneity of the 
sorption sites. A graph with log C as x-axis versus log Q as y-axis provides a line of slope 1/n and intercepts 
the y-axis at logK. According to the Freundlich equation, the isotherm does not reach a plateau as C increases. 
As 1/n tends to unity the surface becomes more uniform. Intact and crystalline minerals have higher 
1/n values than pulverised and non-crystalline minerals. The constants are usually derived from a plot of 
sorbed concentration (Q) against concentration in solution (C). The Freundlich equation assumes that the 
surface of the solid is covered with a monolayer of sorbed species. The monolayer is not covered by any other 
layer. The Freundlich model does not account for finite adsorption capacity at high concentrations of solute 
[20]. 
1.3.2 Langmuir isotherm 
Sorption by the Langmuir assumes the solid has a limited adsorption capacity Qmax. All the adsorption sites:  
 Adsorption occurs up to the extent of one monolayer. 
 All adsorption sites are identical. 
 Occupation of a site is independent of the occupation of neighbouring site(s). 
 The temperature is constant. 
 The surface is uniform and homogeneous. 
 The process is reversible. 
 Each site retains one molecule of the given compound and  
 All sites are energetically and sterically independent of the adsorbed quantity [21]. 
The reversibility/irreversibility of the sorption process is of fundamental importance for the understanding of 
the fate of radionuclides in the geological systems. If the process is reversible, the same isotherm should be 
valid for sorption and desorption under the same experimental conditions [22]. The Langmuir Model equation 
takes the form as shown in equation 5 [23]: 
The idea of non-linear monolayer sorption is often modelled using the Langmuir equation, which can be 
expressed: 
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1
KbC
Q
KC     
(5) 
The linearised form of the equation is represented as [24] 
1C C
Q KB B
    
(6) 
Where b is the maximum adsorption capacity of the substrate (mol g
-1
) and K is a constant representing the 
strength with which the solute is bound to the substrate (dm
3
 meq
-1
) Values of b and K can be determined by 
plotting the linearised equation 6 [24]. 
The Freundlich and the Langmuir models have been used in describing results that showed 
deviations from a linear distribution. Empirical models like those mentioned are mathematical description of 
the experimental data without any particular theoretical basis [25]. Because adsorption isotherms at very low 
solute concentrations are often linear, either the Freundlich isotherm with n equalling 1 or the Langmuir 
isotherm with KC much greater than 1 fits the data. The value of n for the adsorption of many radionuclides is 
often significantly different from 1, such that nonlinear isotherms are observed. In such cases, the Freundlich 
model is a better predictor than the Langmuir model. 
1.4 The Component Additive Model 
The component additive modelling approach is based on summing the results from models already 
calibrated with pure mineral phases. Thus, the CA approach is a predictive tool [26] rather than for safety case 
assessment purposes. Extending the models to natural samples necessitates certain approximations and 
modifications. For example, the assumption is usually made that adsorption occurs through interaction with 
the hydroxyl groups at the edges of the mineral particles and constituent minerals are uncoated and do not 
interact [26]. Considering granitic rocks, the Kd for a rock type with different component minerals will be a 
contribution from the Kd value of independent minerals constituting the rock.  Granite has three main mineral 
components (feldspars, quartz and Mica). The fraction of a mineral in the main rock and the molecular 
structure of the mineral will determine how much effect each mineral has to the overall Kd value of the rock 
type. The distribution ratio of a rock type is given by: Kd = Cs/Csoln as earlier defined. If the Additivity rule is 
applicable for the rock type, the distribution ratio based on the rock type is expressed by a linear combination 
of Kd and the rock mineral component by the following equation [20]. 
* iid di
K PK    (7) 
Kdi is the distribution ratio for the i-th component of the rock type and pi is the content of the i-th component. 
2. Experimental.  
Analytical grade water with purity up to 18.2 MΩ produced from a Barnstead NANOpure water 
purification system was used throughout.  Analytical grade NiCl2, was supplied from, Sigma Aldrich as 
anhydrous, powder with, 99.99% trace metals basis. 
63
Ni isotope was provided by the Radiochemistry 
Laboratory at Loughborough University supplied from Eckert and Ziegler Isotopes Products Valencia 
California, with original activity at 74 mBq. Sample separation was performed by filtration using Whatman 
filters (0.2 μm) and by centrifugation at 6000 rpm for 30 min. The liquid scintillation cocktail used was 
Goldstar (Meridian, Surrey, UK). All rock and mineral samples were supplied by UK Geologist Equipment as 
intact samples (Granite Adamellite-GA, Biotite Granite-BG, Rapakivi Granite-RG, Grey Granite-GrG, and 
Graphic Granite-GG). The Component mineral include feldspar, quartz and mica. Sorption phenomena that 
took place over a period of less than one year were considered. During this time both fast reactions that 
involve oxidation-reduction reactions and physical diffusion into the micropores of the sorbents can be 
observed, and long-term process such as weathering of the solid phase and the re-distribution of the sorbed 
species have yet to occurred, as such it can be assumed that the physiochemical nature of the rock particles 
remained the same during this time. 
2.1 Preparation of 
63
Ni solutions 
An original 
63
Ni stock solution of known activity (926, 1.1 mBq) was provided in the 
Radiochemistry laboratory of the University (High Level Lab). From this stock 30 μL were pipetted, using a 
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50 μL pipette, into a 100 cm3 volumetric flask, and deionised water added to the 100 cm3 mark. After shaking 
the solution was kept for 24 h to equilibrate. This formed a new working stock (926-J). The activity of the 
stock solution was 0.2 kBq cm
-3
, so that 0.1 cm
3
 of the spike solution gave approximately 1200 counts min
-1
. 
Upon adding the spike the vials were allowed to shake for between 5 to 7 days. The supernatant, 1 cm
3
 was 
mixed with 10 cm
3
 of scintillation cocktail (High Flash-point, Universal LSC cocktail) and samples counted 
in a Tri Cab liquid scintillation counter. The counts for 0.1 cm
3
 of the new stock were taken as counts for the 
standards to which other measurements were compared. The standard was counted for every set of 
experiments in order to present the same set of experimental conditions for the standard and the actual 
samples. Background corrections to the measured counts were made by counting blank samples without 
added radioactivity. The measured value for the blank sample (sample without added radioactivity mixed with 
liquid scintillation cocktail) is then subtracted from the measured counts of the sample. Corrections for wall 
and filter sorption were made by washing the filters and vials with nitric acid. The solution with the leached 
metal was counted. The results obtained from filter sorption were less than 1 % of the total counts of the 
sample. 
 
Figure 1 Ni speciation in solution. Figure shows the concentration of Ni
2+
 did not vary with the pH 
limits of the experiment measured (Ca 7.5) [27] 
All rock and mineral samples were supplied by UK Geologist Equipment as intact samples. Samples 
were crushed and pulverised using a bore mill and sieved to obtain a particle size range of 46 to 250 µm. 0.1 g 
of the pulverised samples were mixed with 20 cm
3
 of non active NiCl2 solution. Three replicates each of 
varying concentration (1 x 10
-14 
to 1 x 10
-4
 mol dm
-3
) of Ni
2+
 were prepared. 
63
Ni stock solution was prepared 
and allowed to equilibrate over 24 h the activity of the solution was diluted to 0.2 kBq cm
-3
 so that 0.1 cm
3
 of 
the spike solution should give approximately 1200 counts min
-1
. Upon adding the spike the vials were allowed 
to shake for ca. 7 days. One cm
3
 of the supernatant was mixed with 10 cm
3
 of scintillation cocktail (High 
Flash-point, Universal LSC cocktail) and samples counted in a TriCarb liquid scintillation counter. 
Sample separation was performed by centrifugation at 6000 rpm for 30 min. The separated sample 
was mixed with 20 cm
3
 of DI water and allowed to shake for between 5 and 7 days, upon which one cm
3
 of 
the supernatant was filtered and counted in the energy range of 0 to 67 keV at 2σ at a counting time of 20 min 
per sample. Three replicates of each stable Ni solution at each concentration were prepared. Vials containing 
stable Ni
2+
 solutions were also prepared and counted for background corrections. The pH of all the samples 
was monitored so that the equilibration pH was ca 7.5. At this pH, the dominant Ni species is Ni
2+
 as shown in 
figure 1. 
2.2 Characterisation of Granite samples.  
The mineralogical composition of the different granitic rocks used were characterised at XRD 
laboratory of the British Geological Survey [28]. The aim was to confirm samples were of granitic origin, 
based on the elemental composition as shown in figure 2. A representative c.25 g sub-sample of each ground 
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sample was removed for clay mineral analysis. The remaining material was tema-milled to < 125 μm in the 
BGS Sample Preparation Facility. In order to provide a finer and uniform particle-size for powder XRD 
analysis, a 4.5 g portion of each tema-milled sample was micronised under deionised water for 10 minutes 
with 10 % (0.5 g) corundum (American Elements - PN:AL-OY-03-P). The addition of an internal standard 
allows to validate quantification results and also to detect any amorphous species present in the samples. 
Corundum was selected as its principle XRD peaks are suitably remote from those produced by most of the 
phases present in the samples. The samples were then spray-dried following the method and apparatus 
described by Hillier [29]. The spray-dried materials were then frontloaded into a standard stainless steel 
sample holders for analysis. XRD analysis was carried out using a PANalytical X’Pert Pro series 
diffractometer equipped with a cobalt-target tube, X’Celerator detector and operated at 45kV and 40mA. 
Following identification of the mineral species present in the samples, mineral quantification was achieved 
using the Rietveld refinement technique [30], using PANalytical Highscore Plus software. This method avoids 
the need to produce synthetic mixtures and involves the least squares fitting of measured to calculated XRD 
profiles using a crystal structure databank. 
2.3 XRD results for the different granitic rocks 
The results of quantitative powder XRD analyses are summarised in table 1. Powder X-ray 
diffraction analysis indicates that the five granites have approximately similar mineralogies and are 
predominantly composed of quartz (mean ca.33%), plagioclase feldspar (mean ca.31%) and K-feldspar (mean 
ca.31%) together with small/trace amounts of ‘mica’ (undifferentiated mica species possibly including 
muscovite, biotite, illite, illite/smectite etc.). Small amounts of amphibole were also identified in the samples 
‘Biotite granite’ and ‘Rapakivi granite’. Traces of chlorite, kaolinite and smectite were also identified in some 
of the samples. 
Table 1 Summary of quantitative whole-rock XRD analysis 
Mineralogical percentage composition 
sample kaolinite K-feldspar ‘mica’ plagioclase quartz 
Graphic Granite < 0.5 49.4 0.5 21. 6 28.3 
Granite Adamellite nd 32.9 3.1 25.7 38.1 
Biotite Granite nd 17.2 7.4 40.0 28.1 
Grey Granite nd 22.6 4.3 34.4 38.6 
Rapakivi Granite < 0.5 32.1 1.6 29.2 33.3 
nd = not detected, ‘mica’ = undifferentiated mica species including muscovite, biotite, illite and illite/smectite 
etc [28].Further elemental characterisation and identification of the granite samples were carried out using 
energy dispersive spectroscopy. The elemental composition of elements present confirmed samples to be 
granites. 
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Figure 2 Energy dispersive spectrum of the elemental composition of granite sample with high 
concentration of Si and O from FIE QUANTA 600 Environmental scanning electron microscope, 
coupled with Oxford Instrument-INCA450. 
3.1 Modelling 
63
Ni sorption 
The distribution of trace concentrations of ionic species between solid and aqueous phases in 
groundwater is generally considered to be a linear relationship, with the process governed by the partition 
law. However, as the concentrations of ionic species in groundwater increase, the partition law becomes less 
valid in describing the distribution between the solid and the aqueous phases. Thus, different models such as 
those studied below are commonly used in order to take into consideration deviations that might be observed.    
3.1.1 
63
Ni sorption to granitic rocks and minerals by the Langmuir model 
Data obtained from static batch sorption experiments with Graphic Granite (GG), Rapakivi Granite 
(RG), Orthoclase Feldspar (OF) and Plagioclase Feldspar (PF) were fitted to different empirical models, the 
best fit sorption model was used to analyse the data. The best fit model is statistically determined as the root 
mean square value for a set of data. These values are shown as R
2 
in the different sorption parameter tables. 
Results showed sorption occurred with saturation of sorption sites (figure 3) with metal loading above 5 x 10
-7
 
mol dm
-3
.  
 
Figure 3 Log-Log plot of Ni bound and free in solution, showing Ni distribution for Graphic and 
Rapakivi Granite and Orthoclase and Plagioclase Feldspar at constant pH ca. 8 and liquid solid ratio of 
200:1, at rtp, equilibration time ca. 8 days. 
For PF, saturation was attained at a lower Ni concentration compared to GG, RG and OF. Saturation of 
sorption sites is also evident from the decrease in Rd with metal loading above 5 x 10
-7
 mol dm
-3
. At low metal 
concentration the sorption isotherm is linear with constant Rd. The Rd decreases at higher metal concentration. 
Figure 4 is a plot of Rd as a function of metal concentration in solution. 
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Figure 4: Variation of Rd with increasing metal concentration, showing constancy in Rd at lower metal 
loading (Region in which the sorption is linear).  
Table 3 shows the sorption parameters, and Rd values corrected for surface area effect. The differences in the 
results for GG and RG can be due to the inherent difference in the constitution of the component minerals. 
However, taking into consideration the effect of surface area, Rd values were in the range 2 to 7 cm
3
 g
-1
 m
-2
 as 
shown in table 3.2. Based on the fact that most Rd values in literature are not quoted in terms of surface area, 
it is not possible to make comparisons. However, Ticknor [33] obtained Rd for granite from Lac du Bonnet 
batholith in Manitoba, using different synthetic groundwaters in the range 2.4 to 660 cm
3
 g
-1
. Rd* is obtained 
from corrections for effective surface area of the different samples. B is the Langmuir parameter  also known 
as the adsorption capacity relating to the maximum amount of sorbable cations. Application of the Langmuir 
model to sorption data is often done with the calculation of the favourability factor F [31] (also known as the 
separation factor [32]) as:  
F =  (8) 
Where k is the adsorption constant (dm
3
 mol
-1
), Ce is the amount in solution in mol dm
-3
.Values for F were 
calculated within the range 0 < F < 1.0, confirming the saturation of the sorption sites. 
This value is calculated using the gradient and the intercept of the linearised Langmuir equation (6) K is a 
measure of the binding strength for the sorption process. This relates to the strength with which the metal ions 
are held in a monolayer. 
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Table 2 Values depicting how the Langmuir models fits to sorption data. The Favourability factor can 
take different values, with each value pertaining to different sorption scenarios. Unfavourable = 
Langmuir model is invalid, Favourable = Langmuir model is valid. 
Value of F Type of adsorption 
F > 1.0 Unfavourable 
F = 1.0 Linear 
0 < F < 1.0 Favourable 
F = 0 Irreversible 
 
Table 3 Sorption parameters for 
63
Ni sorption to granitic rocks and minerals. Sorption described using 
the Langmurian model as shown in figure 3.1. 
Sample 
B 
(mol g
-1
) 
K 
(dm
-3
 meq
-1
) 
R
2
 
Mean Rd  ± SD (cm
3
 g
-1
) 
Rd* 
(cm
3
 g
-1
m
-2
) 
Graphic Granite-GG 1.59 x 10
-5
 1.23 x 10
6
 
0.99 
17.2 ± 2.6  6.1 ± 0.9 
Rapakivi Granite-RG 1.89 x 10
-5
 3. 57 x 10
5
 
0.98 
6.64 ± 0.85 2.3 ± 0.2 
Orthoclase Feldspar-OF 1.46 x 10
-5
 4.15 x 10
5
 
0.98 
6.14 ± 1.0  4.0 ± 0.6 
Plagioclase Feldspar-PF 5.6 x 10
-6
 4.5 x 10
5
 0.98 4.71 ± 0.79  2.5 ± 0.5 
Rd* is obtained from corrections for effective surface area of the different samples. B is the Langmuir 
parameter also known as the adsorption capacity relating to the maximum amount of sorbable cations. This 
value is calculated using the gradient and the intercept of the linearised Langmuir equation. K is a measure of 
the binding strength for the sorption process. This relates to the strength with which the metal ions are held in 
a monolayer. (BET surface area measurements are shown in Appendix 2). SD is the standard deviation from 3 
replicates. 
 3.1.2 
63
Ni sorption to granitic rocks and minerals by the Linear Kd Model 
Certain sorption processes occur with non-Langmurian behaviour (no saturation at the upper limit of 
the concentration range) as shown in figure 5. These sorption processes are described by multi-site adsorption 
models such as the Linear Kd model. The slope of the straight lines derived from the isotherms gives an 
indication of the equilibrium constant [34]. As compared to GG, RG, OF and PF studied, Ni sorption to Grey 
Granite (GrG), Rose Quartz (RQ) and Milky Quartz (MQ) was best described by the Linear Kd model. This 
model assumes no upper limit to the amount bound for the concentration range studied. The mechanism 
involves multilayer sorption, enhanced by the modification of sorption sites by already bound metal atoms, 
thus making possible the sorption of more metal ions in solution than if sorption was purely in a monolayer 
[35]. 
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Figure 5 log-log plot of Ni bound and free in solution, showing Ni distribution for Grey Granite, and 
Rose and Milky Quartz and minerals at constant pH ca. 8 and liquid solid ratio of 200:1, at rtp, 
equilibrating ca. 8 days. 
Rd values of 0.02 cm
3
 g
-1
 and 0.026 cm
3
 g
-1
 were calculated for RQ and MQ respectively. Work done by 
Ticknor (57) concerning Ni sorption to different geologic materials using synthetic groundwaters as the 
background electrolyte gave Rd values for quartz between -0.20 and 3.6 cm
3
 g
-1
 for a particle size range of 
106-180 microns. Thus, the results obtained in this work for quartz support the fact that quartz is low sorbing 
in synthetic groundwater and deionised water. A high Rd value (37 cm
3
 g
-1
) was obtained for GrG (table 4) as 
compared to values obtained for GG and RG. However, no sorption data for Ni sorption to GrG were found in 
the literature to confirm the obtained result. One important characteristic of the constant Linear Kd model 
applied to the sorption data was that; the Rd stayed constant within the concentration limits used in the 
experiment. One important characteristic of the constant Linear Kd model applied to the sorption data is that; 
the Rd is constant within the concentration limits used in the experiment. 
Table 4: Sorption parameters for 
63
Ni sorption to Grey Granite, Milky and Rose Quartz. Data in table 
determined by fitting experimental to the Linear Kd model. In the table, Rd is the distribution 
coefficient, determined from the slope of bound against free metal ions. Mean Rd is the mean 
determined from the average of the individual data points. 
Sample 
Rd 
(cm3 g-1) 
Mean Rd ± SD 
(cm3 g-1) 
Rd* ± SD 
(cm3 g-1 m-2) 
R2 
Grey Granite-GrG 37.3 21.8 ± 4.2  13.2 ± 1.5 0.99 
Rose Quartz-RQ 0.02 0.04 ± 0.001 4. ± 0.01 0.98 
Milky Quartz-MQ 0.02 0.049 ± 0.006 5.7 ± 0.07 0.99 
3.1.3 
63
Ni sorption to granitic rocks and minerals by the Freundlich model 
Protonation/deprotonation reactions at the surfaces of minerals create surface structures such as ≡SO-, ≡SOH, 
and ≡SOH2
+
. The adsorption of cations and anions from the inert electrolyte leads to the formation of surface 
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complexes which have the character of ion pairs. Each of these surface complexes has its own sorption energy 
as a result of surface heterogeneity. Surface heterogeneity causes variation of this sorption energy across the 
surface from one oxygen site to another [5]. This heterogeneity is taken into account by the Freundlich model. 
The Freundlich model, like the linear Kd model, has no upper limit for the sorption process in the 
concentration range studied. Sorption can be described by a multilayer addition mechanism. Experimental 
data obtained for Ni sorption to Biotite Granite (BG) and Granite Adamellite (GA), were fitted to the 
linearised Freundlich isotherm (equation 4) as the best fit model. From the intercept and gradient of the 
linearised isotherm, the Freundlich sorption parameters are calculated. The result fitted well to the model (R
2
 
= 0.99 for both BG and GA), a Freundlich parameter N (also called the heterogeneity factor) is calculated as 
1.13 and 1.03 for BG and GA respectively. When the heterogeneity factor = 1, then the sorption isotherm is 
linear. When the heterogeneity is greater or less than unity, the sorption is non-linear with no saturation 
attained within the concentration range studied. 
Table 5: Sorption parameters for 
63
Ni sorption to BG and GA. Parameters in table determined by 
fitting experimental data to the linearised Freundlich isotherm. Mean Rd is an arithmetic mean of the 
Rds derived from individual points. Rd* is the mean Rd corrected for surface area per gram. N is a 
dimensionless factor related to the heterogeneity of the sorption sites. 
Sample 
Mean Rd ± SD 
(cm3 g-1) 
Rd* ± SD 
(cm3 g-1 M-2) 
n R2 Model 
BG 10.8 ± 1.02 3.8 ± 0.36 1.13 0.99 Q = 25C1.03 
GA 13.90  ± 2.6 4.9 ± 0.94 1.03 0.99 Q = 108C1.13 
 
3.6 Application of the component additive model to Ni sorption granitic rocks and minerals 
Two approaches have been applied to describe sorption onto heterogeneous materials; the component 
additivity approach (CA) and the generalised composite approach (GC) approach [36]. The CA approach is 
based on summing the adsorption by the individual component minerals of a heterogeneous sample to obtain 
a measure of the total adsorption of the mixture. The summation can occur as the sum of results for 
thermodynamic surface speciation models or as the sum of pseudo-thermodynamic models for adsorption on 
individual mineral phases [26]. In this section sorption parameters derived from the application of NEM 
models such as the linear and the Langmuir models are used in the application of the CA approach to the 
sorption data obtained from static batch sorption experiments (results discussed above). One of the methods in 
the evaluation of the retention capacity of radionuclides is by use of a retardation factor. The main input 
parameter in determining the retardation factor is the Rd obtained mainly from batch sorption experiments. 
For heterogeneous samples such as granite, the sorption properties of the constituent minerals may vary. 
Based on the additivity principle, the bulk property (such as Rd) is a summation of the properties of the 
component minerals [20]. However, this concept has little or no experimental data to back it up in published 
literature for Ni or Eu sorption to granitic rocks. This section therefore, aims at investigating the CAM based 
on the results obtained from static batch sorption experiments performed on component minerals of granite.  
Deductions from XRD analysis shown in table 1 showed that the main constituents of the granitic rocks 
studied were quartz, feldspar and mica. Feldspar and quartz constituted more that 95% of the mineralogical 
composition of all the granite samples while mica and other mica related minerals constituted between 1 to 10 
percent. To investigate the CAM, mean Rd values for the different sets of minerals are used (mean value for 
RQ and MQ, mean value for OF and PF and MM and BM). Also, because the different samples fitted to 
different sorption models within the concentration of metal studied, average values for the Rds are used. The 
mean Rd values obtained and the analysed mineralogical composition are related to the bulk percentage 
composition, to obtain a predicted value. The predicted value for the minerals is summed to obtain a predicted 
bulk Rd value for the granite samples. The predicted bulk Rd value is compared with the experimental bulk Rd 
value obtained. 
The contribution to the bulk Rd, of each granitic mineral from its percentage composition was calculated (as 
shown in column 4, 6, 8, 10 and 12 of table 6). To show that the CAM applied to a granitic rock sample, the 
ratio 
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Pr 1edicted
Calculated
d
d
R
R    (9) 
Applying equation 9 to sorption data showed the CAM was applicable more to Ni sorption to BG. The CAM 
was thus, applicable in the following order;  
BG (1) > GA (0.7) > RG (0.5) > GG (0.2), GrG (0.2). 
Values in brackets represent the ratio of Rd predicted and Rd calculated 
Looking at table 6 it can be seen that the summation of the Rds of the individual minerals of the different 
granitic rocks varied from 3.9 to 22 cm
3
 g
-1
. The results showed a fit between the predicted values for GA, BG 
and RG, as shown in table 6. Thus, the CAM is shown to be applicable to sorption data obtained from Ni 
sorption to BG based on the experimental condition used. However, application of the CAM to GG and GrG 
showed a disparity between the predicted and the calculated values. The reason for this disparity is not 
obvious and requires further investigation at the metal-surface interphase. The CAM thus, depends on the 
detailed elucidation of the composition of the heterogonous sample [26]  
Rd measured ≈ (Rd predicted from CAM) when equation 9 is valid as shown with BG 
Table 6: Application of the CAM to Ni sorption to Granitic rocks at constant pH and variable metal 
concentration. Taking into consideration; percentage composition, and calculated Rds of the 
component minerals. Rd* is the mean from different minerals, and granites. Mineralogical 
composition data derived from table 2 (Results obtained from XRD analysis at the BGS [28] 
Sample 
Measure
d 
Rd*  
(cm3 g-1) 
Graphic Granite Granite Adamellite Biotite Granite Grey granite Rapakivi Granite 
% 
 
co
m 
 
Contributio
n 
 to 
Bulk Rd 
 
% 
 
co
m 
 
Contributio
n 
 to 
Bulk Rd  
%  
co
m 
Contributio
n  
to 
Bulk Rd 
 
 
%  
co
m 
Contributio
n  
to 
Bulk Rd  
% 
 
co
m 
 
Contributio
n 
 to 
Bulk Rd  
Quartz 4 x 10-2 28 1.3 x 10-2  38 1.7 x 10-2 28 1.25 x10-2 
38.
6 
1.7 x 10-2 
33.
3 
1.5 x 10-2 
Mica 4.59 1 4.6 x 10-2 3 0.14 15 0.7 4.3 0.2 5.4 0.25 
Feldspar 5.46 71 3.9 59 3.2 59 3.2 57 3.1 
61.
3 
3.3 
Predicted 
Rd 
  4  3.35  3.9  3.3  3.6 
Measure
d Rd 
  17.2  4.9  3.8  21.8  6.6 
% Com = percentage mineralogical composition of a granite sample 
Deductions from table 6 above include: 
3. Quartz and mica contribute less to the overall Ni sorption capacity of intact granite. This is probably 
due to the small percentage composition of mica in the intact sample and the observed low sorption 
capacity of quartz. Sorption to feldspar is thus, very significant in terms of the overall sorption 
ability of granites, probably due to the high percentage contribution and also the high sorption as 
observed in table 6. 
   
4. The sorption capacity of intact granite sample will not only depend on the composition of the 
granitic materials, it will also depend on the effective surface area of the mineral that is in contact 
with the solution. However, for the above analysis it is considered that an average mineralogical 
composition is proportional to the effective surface area of the mineral in contact with the solution 
ions.  
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4.1 Conclusions 
 
Modelled data showed that quartz and mica contribute less to the overall Ni sorption capacity of intact 
granite. This is probably due to the small percentage composition of mica in the intact sample and the 
observed low sorption capacity of quartz. Sorption to feldspar is thus, very significant in terms of the overall 
sorption ability of granites, probably due to the high percentage contribution. Applying the effect of BET 
surface area, the sorption capacity of intact granite sample will not only depend on the composition of the 
granitic materials, it will also depend on the effective surface area of the mineral that is in contact with the 
solution.  
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